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THE EFFECT OF PRESSURE UPON ELECTRIC 
FURNACE SPECTRA 


By ARTHUR S. KING 


The effect of high pressure around the light-source in displacing 
the spectrum lines given by the arc and spark has been studied to 
such an extent that the general phenomena are well known. 
Measurements of the shift of lines for arc spectra through a con- 
siderable range of pressures and for a number of elements have 
been published by Humphreys" and by Duffield. The effect of 
pressure upon electric furnace spectra is a new field, involving some 
phenomena peculiar to the apparatus. 

The electric resistance furnace in the Pasadena laboratory was ° 
described by the writer? at the time of its construction and has 
since been used extensively in the study of the effect of varying 
temperatures upon spectra. The furnace chamber was built for 
high pressures, having been tested hydraulically to 5000 lbs. per 
square inch. A series of experiments has been made recently 
to observe the effect of pressure on the furnace spectrum, and 
although the work has been entirely in the nature of a preliminary 
survey, the results show clearly what is to be expected from the 
apparatus in this line of research. 


EXPERIMENTAL METHOD 


1. The furnace—The furnace was used for this investigation 
with only slight changes. The tubes of Acheson graphite used at 
first were 30.5 cm long, 12.5 mm inside diameter and 18.5 mm 
outside diameter. In later experiments resistance tubes of the 
same length and inside diameter but of 19.5 mm outside diameter 


t Astrophysical Journal, 26, 18, 1907. 

2 Philosophical Transactions of the Royal Society of London, A, 208, 111, 1908; 
209, 205, 1908; 211, 33, IQII. 

3 Contributions from the Mount Wilson Solar Observatory, No. 28; Astrophysical 
Journal, 28, 300, 1908. 
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were used. A length of 38 mm at each end of the tube was clamped 
in the vertical graphite blocks which connected the ends of the 
tube with the water-cooled copper pipes carrying the current. 
The heated portion of the tube between the contact blocks was 
then 22.9 cm long. This portion was protected first by a graphite 
tube of 32 mm inside diameter to provide a clear space immediately 
about the heated tube, then by carborundum powder heaped 
around the outer tube to serve as a heat jacket. 

The pressure-chamber was modified only by the use of conical 
glass windows 21.5 mm thick in the water-cooled window-holders, 
and by simple connections for the gas tank and gauges to one of 
the holes in the head of the furnace chamber, while a valve with 
connection for rubber tube was screwed into the other hole. Two 
gauges were used on the apparatus, one hydraulic, the other a low- 
reading gas pressure gauge. After allowing for the difference of 
one atmosphere in their scales, the gauges always agreed in their 
readings within 5 pounds. 

When ready for use, a vacuum pump was connected to the valve 
last mentioned, and the furnace with connecting tubes was pumped 
out to less than i cmof mercury. A potential of 15 volts A.C. gave 
an initial current of about goo amperes with the thinner tubes 
described above, and tooo to 1100 amperes with the thicker ones. 
The current would quickly fall 50 amperes or more as the tube 
heated, then very slowly if there was no opportunity for oxidation. 
A photograph taken under these conditions gave the first part of 
the comparison for a pressure exposure. On the completion of 
this preliminary exposure, the outlet valve was closed, the vacuum 
pump disconnected, and the chamber filled with gas to the desired 
pressure. The furnace is almost perfectly air tight, so that the 
pressure of the gas would rise rapidly from contact with the heated 
parts within. To prevent this, the outlet valve was either fre- 
quently opened or set so as to give a constant leak sufficient to 
counteract the increase of pressure within. At the conclusion of 
the pressure exposure, the valve was opened and the gas reduced 
to atmospheric pressure, after which the vacuum pump was again 
connected and the furnace pumped out for the second portion of 
the comparison photograph. 
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2. The optical system.—The photographs were made with the 
30-ft. (9.1 m) vertical Littrow spectrograph. The grating used 
was ruled by Michelson, and has a ruled surface 19 cm wide, with 
500 lines per mm. The second-order spectrum was used, giving a 
scale of about 0.95 A per mm. The light from the furnace was 
focused on the slit by means of a simple lens 10 cm in diameter 
and of 60 cm focallength. The position of this lens was so adjusted 
that the grating was centrally illuminated by a beam of light about 
twice the diameter of the 20 cm objective of the spectrograph. 
The method of making comparison exposures was to leave all parts 
of the optical system absolutely untouched between exposures, 
except for a moving of the sliding occulting plate above the slit, 
which is supported independently of the latter. The first compari- 
son exposure in vacuum was made with the plate so adjusted as to 
give two narrow strips of spectrum. The pressure exposure was 
then placed between these. For the second exposure in vacuum 
the plate was moved back to its first position with its two openings 
adjusted to give longer strips of spectrum. The comparison spec- 
trum was thus made up of the superposition of exposures taken 
before and after the pressure photograph, with the lines due to the 
second exposure usually extending a little beyond the superposed 
portion. The slightest instrumental disturbance was then shown 
by the imperfect coincidence of the comparison lines. 

The furnace with the optical system as described gives a mini- 
mum risk of instrumental disturbance, since there need not be the 
least movement of anything which can affect the direction of the 
beam of light. The furnace supplies its own comparison spec- 
trum, and this being taken in vacuum, the pressure-effect is that 
due to the total pressure, not to the excess of the furnace pressure 
above one atmosphere. 


THE GAS USED, AND SPECIAL PHENOMENA 


For these preliminary observations, commercial carbon dioxide 
in cylinders was employed, being the most easily obtained of any 
gas which would serve. Compressed air is out of the question for 
furnace work, as the large supply of oxygen would cause the furnace 
tube to be quickly consumed. Considerable oxidation has resulted 
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from the use of carbon dioxide, as the gas dissociates from contact 
with the hot tube and the surrounding jacket which is raised to 
red heat for a considerable distance from the tube itself. The free 
oxygen given off causes the tube to wear thin near its ends, where 
the gas comes most freely in contact with the graphite. More 
serious than the wearing of the tube is the formation of a white 
smoke, probably an oxide, which becomes rather thick at high 
pressure and weakens the light by collecting in the end of the furnace 
tube as well as in the steel chamber, where it deposits on the cool 
metal parts as a white powder. This probably results from the 
contact of carbon dioxide with the heated carborundum, which 
is the most efficient jacketing material thus far found for the regular 
use of the furnace. The formation of white vapor increases with the 
pressure and sets a limit to the effective use of carbon dioxide. 
Some other material for heat insulation, combined perhaps with 
the use of compressed hydrogen, may give an improvement in this 
direction. 

Two refraction effects are noticeable. One is a trembling of 
the image of the interior of the tube as projected on the slit of the 
spectrograph. This increases with the pressure, but is not disturb- 
ing at moderate pressures. The other is an interesting bending 
of the beam of light within the furnace owing to the fact that the 
gas in the lower half of the chamber is cooler than that above, 
there being a length of about 20 cm of compressed gas between the 
end of the tube and the window with the arrangement thus far 
used. The image on the slit was moved about 3 mm when the 
chamber was filled to 9 atmospheres and in the direction to be 
expected according to this explanation. The effect decreases after 
the furnace has been heated some time and the gas has become of 
more uniform temperature throughout. As the image on the slit 
is over 1 cm in diameter, there is no difficulty in adjusting at the 
beginning so as to allow for this movement. The effect cannot 
influence the pressure results, as it amounts only to taking the 
light from a slightly different part of the cross-section of the tube. 
There is no appreciable change either in intensity or wave-length 
of the lines given by different portions of the cross-section, as the 
stigmatic action of the Littrow spectrograph readily shows. 
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The temperature of the furnace was regulated by the impressed 
voltage to give a large number of lines without strong continuous 
spectrum, the effect of a very high temperature being to widen the 
lines and the reversals and eventually to give all lines in absorption 
when the continuous spectrum became strong enough. 

Temperature measurements were made during the production 
of both the pressure and the comparison spectra, a Wanner pyrom- 
eter being sighted on the interior of the furnace tube through the 
window opposite to that directed at the spectrograph. 

Pyrometer readings are made to best advantage when a graphite 
plug is placed midway in the tube, which gives a close approach 
to black body conditions; but this is impracticable when observa- 
tions of the spectrum are being made. The pyrometer recorded 
temperatures ranging from 2100° to 2300° C. under the regular 
conditions of operation. There was always a close agreement 
between the temperature readings with and without pressure 
for the same current through the tube, so long as the light from 
the furnace was not weakened by smoke during the operation under 
pressure. 


RESULTS 


1. Nature of pressure-effect for the furnace——Pressure in the 
furnace as high as g atmospheres gives a clear displacement of all 
lines toward the red, the magnitude of the displacement varying 
greatly for different lines. The general effect is a widening combined 
with displacement, the degree of widening also being very different 
for different lines and having no apparent relation to the amount of 
displacement. It has been noted in previous publications that the 
furnace, as regularly used in vacuum, does not give strong widen- 
ing except for a few lines, generally those appearing in low-tempera- 
ture flames, for which the amount of vapor present seems to govern 
the width. With pressure, however, the furnace not only gives 
this class of lines enormously widened, usually beyond the possi- 
bility of close measurement, but the widening extends to a second 
class of lines, requiring higher temperature than the first mentioned 
though appearing at the lower furnace temperatures (usually under 
2000° C.). Such lines are always strong with the furnace in vacuum, 
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though not greatly widened. They appear in the high-temperature 
flames and in the outer vapors of the arc. The effect of pressure 
upon these lines is to give very strong widening, usually combined 
with reversal, since the lines are also given by the cooler vapor 
near the ends of the furnace tube. The reversals are quite or very 
nearly symmetrical, indicating that the displacing effect of pressure 
upon the cooler vapor is the same as upon the hotter. These 
widened lines in the spectra thus far examined never show the 
largest shifts. As a rule the displacement is of medium amount, 
but sometimes is very small. 

Lines, which appear at the higher furnace temperatures show 
various degrees of widening, though never so large as the lines just 
discussed, and a very great variety of displacements. The largest 
shifts occur for such lines. As a rule they appear unreversed and 
moderately widened as compared with their condition with the 
furnace in vacuum. Sometimes the effect of pressure is almost 
or entirely to blot out a line. In most cases I think this is due to 
a rather strong widening of a weak line, since generally a very 
hazy trace of the line can be seen in the pressure photograph. No 
clear case has been observed of a line being rendered visible by pres- 
sure when the photograph without pressure was taken at about 
the same temperature and normally exposed. The effect of pres- 
sure appears to be confined to a widening and displacing of such 
lines as are brought out by the temperature employed. 

The quality of the furnace lines for measurement is in general 
good, perhaps better than is usually given by the arc under pres- 
sure. The reversals are well defined and generally narrow. If the 
exposure is not greatly prolonged, the conditions of the furnace 
can be controlled more closely than probably is possible for any 
other source. 

2. Comparison with pressure results for the arc-—The portion 
of the iron spectrum from A 4060 to 4 4460 photographed with 
the furnace under pressure has been studied by Duffield! with the 
pressure arc, and a comparison with his results has led to two 
interesting conclusions. The measurements of furnace pressure 
plates showed that the displacements for the majority of the lines 

* Philosophical Transactions of the Royal Society of London, A, 208, 111, 1908. 
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fall into three groups for which the ratio of the shiftsis 1:2:4. The 
same relation, and in general for the same lines, was found by 
Duffield for the arc displacements. The good quality of the fur- 
nace lines for measurement’ gives this grouping very distinctly. 
Without any decided exception thus far observed, the relative 
displacements for furnace lines follow closely those for the arc. 
This is for two sources which have a considerable difference in 
temperature and which are shown by other effects to have the lumi- 
nous vapor in a very different condition as regards response to the 
displacing influence of pressure. 

The second important result in the comparison with the arc 
shows that for the same pressure the furnace displacements are much 
larger than those of the arc. This was established by a series of 
plates taken at 8 and 9 atmospheres total pressure, the magnitude 
of the shifts being found to run about 100 per cent larger than those 
given by Duffield for the same lines at 11 atmospheres and to agree 
closely with the arc displacements for 21 atmospheres. The super- 
position of the comparison spectra taken before and after the pres- 
sure exposure showed freedom from instrumental disturbance, and 
the relation was further shown decisively by the grouping of dis- 
placements in the 1: 2:4 ratio mentioned in the preceding paragraph. 
An instrumental displacement of all lines would be added to the 
true shifts, and with the values observed for 9 atmospheres the 
1:2:4 ratio would not hold even approximately. 

The later measurements by Humphreys’ of arc displacements 
for iron do not go lower than 42 atmospheres, but the shifts recorded 
are found to be in general rather less than twice those given by the 
furnace at 9 atmospheres, so that there is a fair agreement. 

Table I gives the furnace displacements in thousandths of an 
Angstrém unit measured on the best plate (F 140) taken at g 
atmospheres total pressure, the comparison spectrum being with 
the furnace in vacuum. The measurements of this plate were fully 
checked by four other good plates taken under the same pressure 
conditions. In the third and fourth columns are measurements 
for the same lines by Duffield at 21, and by Humphreys at 42 
atmospheres. Two sets of measurements are given by Duffield, and 
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TABLE I 
PRESSURE DISPLACEMENTS 
Iron 
Arc, 42 Atm. 
F Arc, 21 Atm. 
A Hee B ifield) does Remarks 
4063.759....| 0.064 0.062 ©.107 Reversed 
071.908....| 0.060 0.067 0.092 | Reversed 
4071.9 3 
MAST 4|| CHC ||. lasega jf 20.000 
ADZ2%235 24 2) On tOzit a OLO04 o.105 | Reversed. Measurement disturbed 
by close blend with V line 
4134.840....] n.m OLO32 0 ill eevee Much weakened by pressure. Small 
displacement 
LOM Ge coal) esa ©), 000 su neere ee Faint. Medium displacement 
4144.038....| 0.005 0.068 o.116 Reversed 
UNAS cecil, TCH? |) Ladisic's |) loo ooe 
DCU salle |! ao mos) of)  oteo xc ; 7 : 
Al SAM O07 error) xt. OrO5d a werent Faint. Medium displacement 
4156.970....| n.m. O05 4a lee Faint. Medium displacement 
Mot OAL aoa) meee) dl saode If oodo- Much widened 
ALT 2 50235 15 O1O4 40m merry o.140 
AD TATOOS treis|) LOKOSO/m | er ten ne eet 
ATIC OO2ai mis) <OvOSAcmy Vineet seman | meter 
Miro. 5 aall sey ii. ciaee dh cemee 
4181.919....| 0.085 OO43e 0 Anat Faint 
aay oe | paar eee 0.040 | Faint. Medium displacement 
A 72 OA nen Opec Ont Sit eer 
4187,.943.....]| 0.154 OuOOA wa epee 
ALOIS O5 eRe EO LLO O22 7h eee 
ALOSHAOA seine) LOnL25 OA NW sn 
ALOOEZO7 =e EimLOnO20 0.043 0.073 
MWY toe cee all OCR | adage Nl Godoc 
eee san) acter 0.044 0.071 Reversed 
ALVA! MORE Is Aloo ally Gades 
4210.404....| 0.113 OUT 4 26ers 
42002 361 <r )|)eO2O3S alu ecu ae meee Reversed 
422272020 nO LOO On 2050) carensrers 
VPI or! KOMI teow I someon 
A223 2n Tue a LORLOR ©.107 ©.240 
A232 0n0 i 2a OnE LG 0.125 0.274 
42502287 ay. TOnD26 mere |) oe dec 
4790-945, AOR OOO 0.057 0.089 | Reversed 
ADS SAT 7 aie cL O35 11 |) eae wee eee 
4260.640....] 0.124 0.124 ©. 246 
CORRE BAR oc ol] Westie OO 75s aan aaron Blend with wide reversal 
of 4271. 
4271.034....] 0.063 0.064 0.083 Rea oe 
A282) 505.08) OLO3G 0.032 0.043 
HAO cea) OX |) “cexoa | obec 
4204.301....| 0.063 ©.050 0.084 Reversed 
A 20Q5ATOR AOL £20 ORT 2OUN aoa 
MDAC Aas seus fo Seeks Wh eetaws 
4308.081....| 0.055 0.063 0.090 | Reversed 
ABTS 202. ntl) OnOAe 0.041 9.036 
4325 .939....| 0.064 0.062 0.097 | Reversed 
4337.216....| 0.062 0.069 0.090 
EM oA Nera nell) “OKO | seen ll oho se 
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TABLE I—Continued 


Xr Furnace |Arc, 21 Atm.|4!¢: ia 
o Atm (Duffield) pbteys) 
a s 

4352.908. 0.049 0.048 0.052 
4376.107 0.032 0.032 0.039 
4383 ..720 0.068 0.070 0.125 
4389 .413. OZO2S Ahr Bexcice || recto 
4404.927. 0.071 0.064 O.110 
4415 .203. 0.067 0.052 0.087 
4427.482 0.037 0.028 0.055 
4435 .321 OnOSee Mes oan cote 
4442.510 ©.097 ©.I01 0.190 
4443 .365. n.m. 0.047 0.060 
4447 .892. 0.107 Onror 0.180 
4459.301 0.096 0.116 °.160 
4461 .818. ©.049 0.045 0.060 
5143.11 OORT, Beemer ore | eae aye 
5I51.020 OTOOF S| Fecicec: Ufo entra. 
5152.087. OnO0me |) Tees, Ul sees. 
5166.454. OLOSS aw escalators 
5167.678. OOS Lge eee a eae 
5169.069. OnO5 Lam [be eaisremcs wll crecyey: 
me ieayy ise OcO52ue Sone 0.075 
5195.113 OrOSGm||) ke: 0.080 
5216. 437. OL O37 |e anita | ciqctee 
5225.605. OFO2T MA asters 
B2e7. 302% QUOC DI HME ce lemuse MI) ecdonssre 
eee en OE LOOSE ch: poten Ui al accratee 
5247 .220 oo a peowerc rd al meta ciae 
5250.385. CORA gil) Woe sie) ale iacotare 
5250.817. OSES Hal Peciteeds Wi. a eteces 
5255-121 OFO20) 4.6 Sees (| Mace ss 
5 206.738. renee (open bie ceca lle nner 
5269.723. COMOIEH J Toot. 0.083 
5270.558. OlOOAS AIO Kner |) ce eseecs 
5283 .802 Recto | ih wt okey ey mil lh eer cx CEC 
5324373). Trissite es|)) eeoeartaem (ky seeker 
5328. 236. OF O02 eae ane ©.100 
5328 .696. rR 16 oe | EN) Srey it \Nakersaen es 
5.333.089. OnOck milena) Keicsera 
34h, 213 POST Mice carte, Hl) erence 
5371-734. OnO08 hie cee. 0.005 
5307-344. OvOOON |. Lisisi cre 0.080 
AOS OOO mata O.O58 ||) a. one 0.100 
BACOEO Rios | O<O5O0 fest 0.085 
CAG AAO re OOS 7) | eievetee ©.120 
5447.130 Qeiys. |] saanc 0.095 
5455.834. @xelite |i Seuac ©.105 
5407-735- OZOOZe I) sian ©.11I0 
Beiabprina sal) cetelde! | caaue ©.005 
ROT OOOME ae OnOO2) 1 isle au: 0.120 


Remarks 


Reversed 
Reversed 


Reversed 
Reversed 
Reversed 


Faint. Medium Displacement 


Reversed 


Reversed 


Weak and diffuse 


Faint 


Faint 
Reversed 


Faint 

Much weakened. Large displacement 
Reversed 

Blend with reversal of 5328. 236 


Reversed 
Reversed 
Reversed 
Reversed 
Reversed 
Reversed 
Reversed 
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Chromium 
A Furnace, 9 Atm. Humphreys, 42 Atm. 
ADEA SOS tetenle tetera 0.037 0.056 
AD VA. OF Setar nes stale at 0.056 0.076 
WX stotelso bc ons HO aoc 0.048 0.087 
Vanadium 
A Furnace, 9 Atm. A Furnace, 9 Atm. 
4009.941.... 0.046 4384 .873 0.007 
ATOSNSIO ue aes 0.062 4200 .140n re 0.061 
AILOO.OS) se 0.042 AZO5 P43 ieee 0.005 
ATL OA Omen 0.067 AACOn 7 3 One 0.044 
YH AGO o oc 0.056 4406.810.... 0.007 
Al2 S25 ue 0.042 AAOTE SLO nee 0.064 
4134.589.... 0.025 4408.364.... 0.059 
AZ ZO LOO ce 0.037 4408 .683.... 0.063 
4332.988.... 0.046 4459.922.... 0.061 
WBVNE MOY) 6c. 0.048 4460.389.... 0.064 
AGRON 0 0 0.066 


where these are very different for a certain line, the value was used 
which most nearly accords with a linear relation between pressure 
and displacement. 

The measurements for the region from A 5143 to A 5507 were 
made from a very good plate (F 141) taken under conditions as 
nearly identical as possible with those for the previous plate in 
the blue region. This is the only plate thus far taken in the 
green with the furnace under pressure, as it was highly satisfactory. 
The experiments have been concentrated on the blue region because 
of the great variety of displacements present there and the oppor- 
tunity to compare with the arc results. There is every reason to 
believe that the displacements measured for the two parts of the 
spectrum correspond to the same furnace conditions. Values for 
the arc displacements of the green lines as measured by Humphreys 
for 42 atmospheres are given in a separate column. 

The three strong blue lines of chromium were measured and the 
displacements are entered with the arc values of Humphreys, the 
ratio of furnace and arc shifts being about the same as for iron. 

The iron filings used in the furnace proved to contain enough 
vanadium to give the stronger lines of this substance, which are 
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accordingly listed, as measurements for this element are very 
scanty. 

The remarks in the last column refer to the appearance of the 
furnace lines under pressure The letters ‘‘n.m.’’ denote that the line 
was not measurable in the pressure spectrum, but enough could be 
seen to give an estimate of the order of magnitude of the displace- 
ment, which is entered in the “‘remarks” column. The wave- 
lengths are on the Rowland scale. 

The plates were measured with a small Gaertner comparator by 
Miss Griffin and myself. The quality of most of the lines was such 
that separate sets of measurements agreed to within 0.01 A. 

Nearly all of the furnace lines for iron between A 4060 and A 4460 
fall into three groups, for which the mean displacements show: a 
close approach to the 1:2:4 ratio, as shown by Table II. 


TABLE II 
GROUPING OF FURNACE DISPLACEMENTS 


Group No. Lines Mean Displacement 
1 Ne a ee ea 20 0.034 
|W Iereroiern tate ae I5 0.064 
ORB arene ee 15 Onent2 
intermediate s..1.— 6% zi 0.049 


A comparison, in Table III, of the mean displacements of those 
lines common to my tables and those of Duffield shows the close 
correspondence between the grouping for the furnace and the arc. 


TABLE III 
MEAN DISPLACEMENTS FOR FURNACE AND ARC 


Group No. Lines Furnace Arc 
1 Ee is ciereene Roe 5 0.035 0.035 
DT eer ets an cine, ce 13 0.064 ©.061 
1D Co ore cece oan 14 0.113 0.138 
Intermediate..... 2 0.049 0.047 


3. Anomalous displacements under special conditions —The 
photographs thus far discussed were taken with the furnace in 
vacuum for the comparison spectrum and at a pressure which 
gave displacements of considerable size without introducing dis- 
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turbing conditions. It appeared possible to reproduce at will the 
shifts given under these conditions, only one plate, of poor quality, 
showing any appreciable discordance with the set thus taken. 

A variation of conditions, however, has shown that the displace- 
ments for the furnace do not depend entirely upon the pressure, 
but may be influenced by the state of the vapor in the furnace tube 
in a way which at present is not clear. 

The use of a pressure above 9 atmospheres or the presence of 
carbon dioxide at atmospheric pressure during the preliminary 
comparison exposure gives in either case a large increase in the white 
smoke previously referred to. Pressure photographs have then 
occasionally given displacements larger or smaller than those 
normally obtained. The most striking instance of this kind was a 
plate taken with-carbon dioxide at atmospheric pressure during 
the comparison exposure, then with the pressure raised to 9 atmos- 
pheres above atmospheric pressure, instead of to 8 atmospheres 
as was usual for the best plates when the comparison was taken in 
vacuum. On this plate the shifts were almost twice as large as those 
given normally by the same difference in pressure with the compari- 
son in vacuum, therefore about four times as large as for the arc at 
equal pressure. The plate was apparently free from instrumental 
disturbance and the ratio of 1:2:4 for different lines held as before. 
Several attempts were made to obtain these large displacements 
again, but the conditions could not be kept uniform for different 
runs as they can with the furnace in vacuum, and the smoke usually 
gave underexposure. One fairly good plate taken in this way gave 
shifts very close to those regularly obtained for 9 atmospheres 
with the comparison in vacuum. Another anomalous plate was 
taken for 11 atmospheres total pressure, the comparison being in 
vacuum. For this plate the shifts agreed closely with those of the 
arc for 11 atmospheres, being about half as large as the furnace 
usually gave for 9 atmospheres. An attempt to repeat this plate 
gave displacements of the magnitude to be expected for 11 atmos- 
pheres, being a little greater than normally obtained for 9 with the 
furnace. 

4. Influence of temperature and vapor-density.—The effect of 
difference of temperature was tested by a plate for a total pressure 
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of 9 atmospheres with a temperature, as read by the Wanner 
pyrometer, about 300° higher than that regularly employed. The 
difference was probably considerably greater than this, as the 
increased amount of smoke in the furnace due to the high tempera- 
ture tended to reduce the reading. In spite of weakening of the 
light from this cause, the exposure for a strong photograph was only 
one-third of that required for the lower temperature. The high 
temperature photograph gave displacements consistently 10 to 
25 per cent smaller than those for the temperature regularly used. 

A photograph taken under the usual conditions but with a very 
little iron in the tube gave displacements of about the usual magni- 
tude, though the lines were faint and poor for measurement. 

These results will be taken up later in the discussion. 

5. Evidence on the linear relation between displacement and pres- 
sure.—The proportionality between pressure and displacement 
has not been fairly tested with the furnace, as a much greater range 
of pressures is required than has been used as yet. However, a 
comparison is given in Table IV for the displacements of a number 
of good lines measured for 6, 8, 9, and 11 atmospheres, the compari- 
son spectra being always taken in vacuum. A regular increase 
is evident, indicating that a linear relation probably holds if the 
conditions of the furnace are properly controlled. 


TABLE IV 
CHANGE OF DISPLACEMENT WITH PRESSURE FOR SELECTED LINES OF [RON 
DISPLACEMENTS 
r 

6 Atm. 8 Atm. 9g Atm. rr Atm. 
ASO. O4 Sais ois 0.048 ©.051 Creliop) WM ake on 
AD TEROSA see .038 .OO1 .063 0.082 
AZ09.081,. .. «> .040 .O44 .055 .076 
Leis MOR a a SA .033 .057 .064 .070 
AA OnnlO /paerater: .018 .O31 .032 .037 
ARSE HPO: one .034 .O51 .068 Sova 
AAOA-02 720 a. .042 .052 .O71 .075 
BATCH OSes .023 .058 .067 .064 
BABT WAG Deere .023 .030 .037 2037, 


6. Data concerning the relation between pressure-displacement and 
Zeeman separation.—A comparison of the pressure-effect with the 
13 
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magnetic separation for lines of the iron spectrum was given in a 
former paper,’ using the pressure measurements of Humphreys 
and Duffield. The furnace material enables us to compare the 
average displacements and separations for two regions of the 
spectrum about 1000 Angstrom units apart. The average displace- 
ment for the total number of lines in the two regions cannot be 
compared with fairness at present, as most of the weaker lines in 
the green were too faint for the measurement of their displace- 
ments and the largest pressure effects usually occur among lines 
of this class. With the available material it seemed best to 
select lines showing a similar behavior in laboratory sources, 
as these probably arise from vibrating particles having at least 
some points of similarity. Such lines are those which appear at 
low temperatures of the furnace and reverse easily. Fifteen lines 
of this character are included in the region from A 4os50 to 4 4450 
given in Table I, and 9 lines between 4 5050 and A 5450, excluding 
A 5434-740, which is not comparable, being unaffected by the 
magnetic field. Assuming that the pressure plates were taken 
under similar conditions, we see that the displacements of these 
lines show no tendency to change with the wave-length, the mean 
shift being 0.058 for the blue and 0.060 for the green lines. (The 
very close agreement is of course largely accidental.) The magnetic 
separations for these lines, however, show a decided increase with 
the wave-length, although the separations of the lines in each region 
are of the same order of magnitude. For a field-strength of 16,000 
gausses, the mean separation of the 15 blue lines given as ‘‘reversed”’ 
in Table I is 0.330, while that for the 9 green lines is 0.520, an 
increase of 60 per cent for a difference of wave-length of about tooo 
units. This affords further evidence against a close connection 
between the phenomena of pressure and of the magnetic field. 

7. The adaptability of the furnace to pressure investigations — 
While it is too early to state definitely the limitations of the furnace 
as a pressure source, a few points may be noted as to the relative 
usefulness of the furnace and arc in this line of work. In the total 
number of lines produced under pressure, there is little to choose 


* Contributions from the Mount Wilson Solar Observatory, No. 46; Astrophysical 
Journal, 31, 433, 1910. 
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between them. The tables for iron given by Duffield and in the 
present paper contain almost exactly the same number of lines 
for the same range of wave-length, though the lists are not identical 
owing to the difference in relative intensity of lines given by the 
furnace and arc. Nineteen lines measured by Duffield could not 
be measured on the furnace plates, while values for 18 furnace 
lines are given which do not appear in the arc tables. In the green 
region, measurements are given for almost double the number of 
lines measured by Humphreys in the arc, though probably the high 
pressure used by him increased the difficulty in obtaining the 
weaker lines. 

As to quality, a line clearly and narrowly reversed given by any 
source usually admits of close measurement. I believe experience 
will prove that unreversed lines can be measured to better advantage 
on furnace plates, as there seems to be less tendency toward strong 
and unsymmetrical widening than is usually given by the arc. 

The arc will have an advantage over the furnace in the produc- 
tion of the enhanced lines of some elements, such as titanium, in 
which most of the lines characteristic of the spark are given of 
moderate intensity by the arc. 

For very high pressures the arc may be more efficient than the 
furnace, though this is by no means certain, since these preliminary 
experiments have suggested a large variety of ways in which present 
difficulties may be overcome. The use of a different compressed 
gas, different jacketing material, and probably shorter tubes should 
permit the use of much higher pressures. The relative displace- 
ments of lines have been given clearly by the pressures thus far 
employed. 

The chief usefulness of the furnace for pressure work will prob- 
ably occur when it is desirable to take advantage of the special 
conditions of radiation afforded by it. The present work has shown 
that its results may give large differences from those normally 
obtained with the arc. When an extended investigation has shown 
what conditions are responsible for these differences, the close 
control of the state of the radiating vapor which is possible with 
the furnace will probably open lines of work which cannot be carried 
oyt to advantage with any other source. 
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In astrophysical problems the temperatures involved are high, 
being approached best by the arc and spark; but in other respects 
the state of the luminous vapor resembles more nearly that of the 
furnace, so that certain phases of the pressure phenomena can be 
studied to best advantage by means of this source. 

8. Explanation of the plates—Plates I and II present enlarge- 
ments of the more interesting regions of the iron spectrum covered 
by the furnace plates. Certain groups of lines are favorable for 
the examination of the differences in relative magnitude of dis- 
placements. In Plate I, the 1:2:4 relation is represented by 
A 4258.477, A.4250.945 or A 4271.934, and A 4260. 640 respectively. 
The group of reversed lines near A 4383.720 shows this line with 
AA 4.404.927 and 4415.293 displaced approximately twice as much 
as AA 4376.107 and 4427.482. An example of the very wide 
reversal of flame lines is given by A 4227 of calcium, arising from 
impurities. The same degree of reversal was obtained for the three 
blue lines of chromium when a large amount of this metal was used 
in the furnace. 

Plate II shows a portion of the iron spectrum in the green. The 
spectrum given by the arc between iron poles is also reproduced 
for comparison. It is seen that the furnace under pressure gives 
in this region only lines which are strong and sharpin the arc. The 
other strong lines, with edges not so sharp, are given by the core 
of the arc, and appear in the furnace spectrum very faintly at the 
highest temperatures. The comparison spectrum for the pressure 
photograph shows a combination of effects owing to the fact that 
the second comparison exposure, taken with longer slit, ended by 
the tube burning through, giving during a few seconds a spectrum 
similar to that for the core of the arc. The result is that the regular 
furnace lines,appear with fainter extensions, while those lines which 
are not usually given by the furnace show faintly and of uniform 
intensity throughout their length. 


DISCUSSION 


It has been the purpose of this paper to record the pressure- 
effects for the furnace as given by a definite set of experimental 
conditions, which as yet have been varied only to a limited degree. 
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At this time it would be merely speculative to discuss the results 
further than to bring out a few leading points in the question as 
to why the furnace gives displacements consistently larger than 
those of the arc. The occasi6nal departures from regularity in the 
furnace effects are to be regarded as a strengthening or weakening 
of a general displacing influence. 

It may be noted that these results have been in a way predicted 
by observations on the arc under pressure. Workers with the 
arc have obtained many discordant results for pressures under 20 
atmospheres, so that for this range it has been difficult to show a 
linear relation between shift and pressure. Duffield obtained a 
plate at 25 atmospheres which gave shifts twice as large as those 
which accorded with the linear relation. This is a difference of 
the same magnitude that the furnace at 9 atmospheres gives as 
compared with the arc at the same pressure. This and other 
departures from the linear relation observed by Duffield on certain 
plates were not to be explained by errors of measurement, and are 
considered by him as probably connected with the tendency to 
reverse, the reversals of lines being broader and stronger on the 
plates giving abnormal shifts. 

The production of large displacements may arise from causes 
of two kinds, either or both of which may be active in the furnace. 
The luminous metallic vapor may be in such a condition as to 
weaken the resistance offered by the vibrating particle to a change 
in its period; or the condition of the compressed gas may enable 
it to exert a stronger displacing influence. 

To consider first a possible weakening of the forces controlling 
the period, we find that the differences observed between the effects 
of the furnace and the arc indicate that a decrease in the internal 
energy of radiation, regulated in the case of the furnace by the 
temperature, may permit a large disturbance of the period by pres- 
sure; in other words, that lower temperature may favor large 
displacements. The result of the test as to the effect of increased 
furnace temperature showed that the difference produced was in 
this direction; and as there is probably an interval of at least 1200° 
between the lower furnace temperature and that of the arc, this 
might explain in large measure the differences obtained were it 

17 
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not that other lines of evidence indicate that temperature difference 
in itself cannot fully account for the results. In the first 
place, those furnace plates which gave differences larger or 
smaller than regularly obtained were made with the furnace at 
about the usual temperature. Other evidence is that the reversals 
for lines with the furnace under pressure are symmetrical, which 
should not be the case if the cooler vapor near the ends of the tube 
gives a line of different wave-length from the vapor in the middle. 
A difference in the amount of iron vapor present in the furnace tube 
also appeared to be without decided effect. 

Evidence from arc investigations may be considered in this 
connection. The arc under pressure rarely burns steadily, the 
spectrum of different regions being taken in turn under ordinary 
conditions. Different investigators have used a variety of arrange- 
ments of the arc, including carbon and metallic terminals and the 
rotating type, and if either temperature or vapor-density exerts a 
controlling influence, it is doubtful if results for the arc under pres- 
sure would show even as much consistency as they do. 

The furnace results give little ground to choose between the 
theories proposed by Humphreys,’ Richardson,? and Larmor? to 
account for the pressure-effect, but since that of Larmor involves 
the dielectric constant of the luminous vapor, a possible influence 
upon this quantity may be considered. An increase in the dielectric 
constant should diminish the elasticity of the ether about each 
particle of matter, with a resulting tendency toward increase of 
vibration period. It would seem probable that the difference 
between the heated vapor in the furnace and the discharge condi- 
tions of the arc might give a change in the inductive capacity, but 
there is little evidence as to its direction or amount. However, 
Baedeker‘ measured the change of dielectric constant with tempera- 
ture through various ranges, sometimes as high as 150° C., of several 
vapors, among them sulphur dioxide, ammonia, ethyl chloride, 
methylene chloride, and chloroform, and found in all cases a decrease 


* Astrophysical Journal, 23, 233, 1906. 

* Philosophical Magazine (6), 14, 557, 1907. 

3 Astrophysical Journal, 26, 120, 1907. 

4 Zeitschrift fiir physikalische Chemie, 36, 305, r9or. 
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in the dielectric constant with increase in temperature. If this 
relation is general for gases and holds at very high temperatures, 
the temperature difference between furnace and arc would change 
the dielectric constant in therright direction to give larger shifts 
for the furnace. 

We may also consider whether the effect can be ascribed to the 
large dielectric constant of carbon dioxide as compared to com- 
pressed air. The dielectric constant of air at 20 atmospheres was 
measured by Occhialini’ as 1.0101, that for carbon dioxide at 20 
atmospheres by Linde? as 1.025. This difference in itself should 
give larger displacements for the furnace in carbon dioxide than for 
the arc in air, although, as has been remarked by Humphreys, a 
change directly proportional to the dielectric constant would be 
within the errors of measurement. Tests have been made of the 
displacements given by the spark in different atmospheres by 
Anderson’ and by Hale and Kent.4 The former found some evi- 
dence of an increased displacement in carbon dioxide as compared 
with hydrogen. The question was discussed at some length by 
Humphreys,’ but a systematic investigation of the effect of different 
gases under pressure for the arc and spark has not yet been made. 
It is hoped to make such a comparison at an early date with the 
furnace. The irregular displacements occasionally obtained when 
white oxide was present in the furnace can perhaps be most easily 
explained through a change of the dielectric constant. 

One feature in which the furnace conditions are different from 
those of the arc is that the effect of the compressed gas should be 
more steady and possibly stronger in the furnace. Here we have 
the carbon dioxide heated to about the same temperature as the 
radiating metallic vapor, and with considerable uniformity through- 
out several inches of the tube, with little circulation. With the 
arc, the heating of the gas is very much localized, with opportunity 
for constant movement of the gaseous particles in and out of the 
heated region. The fact that in the arc the metallic particles carry 

t Physikalische Zeitschrift, 6, 669, 1995. 

2 Annalen der Physik und Chemie, 56, 546, 1895. 

3 Astrophysical Journal, 24, 221, 1906. 

4 Publications of the Yerkes Observatory, 3, Part II, 1907. 

5 Astrophysical Journal, 26, 18, 1907. 
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the greater part of the electric current makes it a question how 
nearly the thermal condition of the gas approaches that of the 
metallic vapor. 

SUMMARY 

The results obtained may be summarized as follows: 

1. The furnace under pressure gives a spectrum containing 
practically all lines brought out by the same temperature with the 
furnace in vacuum. 

2. The general effect of pressure is a widening of lines and dis- 
placement toward greater wave-length, the widening for low- 
temperature lines being very strong and usually accompanied by 
reversal. 

3. The number of lines which are measurable is approximately 
the same as for the arc under pressure, with some differences due 
to the different relative intensity of lines in the two sources. 

4. The displacements of nearly all iron lines from 4 4050 to 
A 4450 fall into three groups, the ratio of the displacements being 
1:2:4, which ratio was also found for these groups of lines in the arc. 

5. So far as observed, the relative displacements of the furnace 
lines appear to follow closely those of the arc. 

6. The absolute displacements of furnace lines at a pressure of 
g atmospheres are about twice those given by the arc at the same 
pressure and compare closely in magnitude with the arc displace- 
ments for 20 atmospheres. 

7. Some furnace photographs have shown shifts larger or smaller 
than those usually given by the same pressure. These were appar- 
ently due to differences which evidently prevailed in the condition 
of the luminous vapor. 

8. For iron lines of the same general character, produced at 
low furnace temperatures and easily reversed, the displacement 
shows no tendency to increase with the wave-length, the pressure- 
effect being in this respect very different from the effect of a mag- 
netic field for the same lines. 

I am indebted to Miss Griffin for much assistance in the measure- 
ment of the spectrograms. 

Mount Witson Soar OBSERVATORY 

March 6, 1911 
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MOTION AND CONDITION OF CALCIUM VAPOR OVER 
SUN-SPOTS AND OTHER SPECIAL REGIONS 
By CHARLES E. ST. JOHN 


In a former paper, ““The General Circulation of the Mean 
and High-Level Calcium Vapor in the Solar Atmosphere,’ the 
investigation was confined to those portions of the solar disk that 
were free from spots and flocculi. The points at which measure- 
ments were made were I, 12, 25, 35, 50, and 70 mm from the limb and 
at the center, on an image 172 mm in diameter. The investigation 
was continued through 12 rotations of the sun, during which period 
the position angle of the solar axis described nearly a complete 
cycle; the points selected for measurement lay along a horizontal 
diameter of the image produced by the Snow coelostat, and as the 
plates were taken at irregular intervals each point corresponded 
to a random distribution of positions on the solar surface but at 
definite distances from the center of the disk. The combined 
results of the measurements showed a descending motion for the 
absorbing vapor of 1.14 km per second, and an ascending motion 
for the emitting vapor of 1.97 km per second over the surface of 
the sun. This result, depending on some 500 positions on the solar 
surface, represents a mean that is practically free from the effects 
of causes that are occasional and diverse in their action and may 
be assumed to show the condition of the calcium vapor over regions 
of the surface not subject to great or exceptional disturbances, such 
as spots, flocculi, and prominences in projection. 

In the present paper are presented the results of an investigation 
in which the measurements of the wave-lengths of the absorption 
line K, and the emission line K, of calcium have been extended over 
the umbrae and penumbrae of spots, over the accompanying 
flocculi and circumfloccular regions, and over some other points 

1 Contributions from the Mount Wilson Solar Observatory, No. 48; Astrophysical 
Journal, 32, 36, 1910. 
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where the calcium vapor showed exceptional phenomena. Measure- 
ments are given also for the intensity of the emission line in terms 
of the continuous spectrum and for the relative intensities of K,, 
K,, K,, and for different points of the same line. The series of 
plates extends over nearly two years. The spectrographs employed 
are of the auto-collimating type and are described as Nos. 2 and 3 
in Contribution No. 44.5 In the 18-foot (5.5 m) instrument (No. 2) 
a 20-cm Michelson grating having 590 lines to the centimeter, and 
a to-cm Rowland grating having 568 lines to the centimeter were 
used, the scale in each case being approximately 1 mm=1.0 MG 
This instrument can be used as a section-spectrograph, and is an 
application of the principle of the spectro-enregistreur des vitesses 
suggested by M. Deslandres.2. The arrangement permits one easily 
and rapidly to take exposures of successive points or successive 
exposures of the same point. The majority of plates were taken 
with this spectrograph, using a second slit 12 mm wide in order 
to include the solar standards, and 45 mm long, the maximum 
length of the second slit. Often successive exposures were taken 
over a spot, but more frequently the first slit was moved by 
steps of 2 mm each over the region under investigation. The 
other plates were taken with the 30-foot spectrograph (No. 3) used 
in connection with the 60-foot tower telescope in which the above- 
described Rowland grating was used, giving a scale of approximately 
1mm=o.60A. These plates are designated by the letter “c.” 

The measurements of the spectra were made upon a Gaertner 
comparator reading directly to o.cor mm. The plates were 
measured red right and red left, and at least four settings were 
made for each position. The two iron lines A 3930 and A 3935 
were employed as standards. The solar wave-lengths of these 
lines were determined at the center of the sun in terms of the Inter- 
national Standards as described in Contribution No. 48, p. 42.3 
The wave-lengths of these lines at the center of the sun were found 
to be A 3930.306 and A 3935.823, the arc values being A 3930. 301 

t Astrophysical Journal, 31, 143, 1910. 

2 Comptes Rendus, 114, 277, 1892. 

3 Astrophysical Journal, 32, 36, 1910. 


22 


MOTION OF CALCIUM VAPOR OVER SUN-SPOTS 3 


and A 3935.818 respectively. Their wave-lengths over the surface 
of the sun, away from the limb, have been assumed to remain 
constant except in the immediate neighborhood of sun-spots where 
the radial motions discovered*by Evershed may affect them when 
the slit is not placed perpendicular to the radius drawn through 
the spot. To eliminate any such effect it was the practice to make 
settings on portions of the standard lines outside the penumbral 
regions which are the seat of the radial motions in the reversing 
layer. To fix the points of the line at which measurements were 
to be made, and to avoid the effect that might be produced by 
having other portions of the line in the field of view, the photo- 
graphic plate was often covered by an adjustable slide in which 
there was a slit 1 mm wide and sufficiently long fo include the stand- 
ard lines. The platform of the comparator carried a millimeter 
scale at each end by means of which the plate could be moved in 
a direction perpendicular to the screw in order to bring any desired 
point of the line into the field of view. 

Distortions of the H and K lines of calcium are not uncommon 
during periods of activity and violent changes in and around sun- 
spots, when eruptions often take place in the immediate vicinity. 
Displacements of the lines occur at such times, which indicate 
very high velocities in the line of sight, amounting to one hundred 
kilometers or more per second. The measurements that form the 
basis of the present article were made upon plates that did not 
show such extreme and unusual conditions, but were representative, 
rather, of the more common and steady states. The purpose has 
been to determine what is the usual rather than the unusual, to 
find what are the prevailing movements of the calcium vapor in 
and around sun-spots, if such movements do exist in any stable 
form. There is undoubtedly much that is billowy, tumultuous, 
and apparently irregular in the movements in the upper regions 
of the solar atmosphere, but it is a question whether underneath 
the adventitious and casual there may not exist some systematic 
effects that point to generally acting causes. The present investi- 
gation was undertaken mainly to obtain quantitative data bearing 
upon this question. 
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VERTICAL MOTION OF CALCIUM VAPOR OVER THE UMBRAE OF SPOTS 


The usual appearance of the K line of calcium over spot umbrae 
is that of a relatively narrow but actually broad bright line, its 
width being approximately 0.3 A. See Plate III (a). Compared with 
the line over the surrounding faculae it is broader than K, and nar- 
rower than K,. Occasionally there is superposed upon it a nar- 
row absorption line. This is often due doubtless to photospheric 
light that reaches the slit when the seeing is poor. The question 
whether it is ever a real spot phenomenon will be discussed later in 
the paper. The measurements were confined to the plates obtained 
when the spots were near the central meridian. The average 
diameter of the solar image was 170 mm. On an image of this 
diameter the vertical component of the motion of the rising or 
falling vapor at a point 35 mm from the center of the disk is about 
10 per cent less than at the center. Few of the spots upon which 
measurements were made were so far from the center. Not all 
the plates were taken for this investigation, and the most available 
have been selected from those already on hand. Table I gives the 
results of the measurements. The Greenwich spot numbers are 
in the third column; the wave-length of the bright K line of cal- 
cium is given in the fifth column in International Units; the figures 
in parentheses following the wave-lengths show the number of 
separate measurements upon which the result depends; in the 
main these refer to separate exposures on the same plate. The 
distances of the spots in millimeters from the center of the image 
are given in the sixth column. In the last column under “remarks,” 
the history and description of the spot are outlined, and the wave- 
lengths of the absorption line K, are included. The spots are 
arranged serially in the order of their appearance. The wave- 
length of the K line of calcium in the arc in International Units, 
to which the wave-lengths in the spots may be referred for the pur- 
pose of determining the motion of the calcium vapor, is A 3933 .667, 
as determined in Contributions No. 44, p. 10. 

Of the twenty-five spots studied, one, 6577, was observed at 
three apparitions; and four, 6746, 6771, 6772, and 6774, were 
observed at two apparitions. Twenty-two spots showed at all 

* Astrophysical Journal, 31, 152, 1910. 
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times a downward movement of the vapor producing the bright 
K line of calcium. The velocity of descent varied for individual 
spots from 0.68 km per second in the case of 6606 to 2.2 km per 
second in the case of 6786, the general mean being 1.30 km per 
second. Spot 6602 gave some interesting results. On the first 
two of the three days on which observations were obtained the 
calcium vapor was rising with a velocity of 0.9 km per second. 
On the following day it was descending with a velocity of 1.6 km 
per second. This sudden change in the direction of the movement 
of the vapor was so surprising that the plates were remeasured. 
The results were similar, as indicated by the individual measure- 
ments given in full in the table. Spot No. 6608 was a large spot 
approaching dissolution. The bright calcium line over the umbra 
was strongly curved. The portion displaced to the violet was the 
brightest and the measurement indicated a possible upward 
velocity of the vapor of 0.15 km per second. The measurement of 
the portion of the line displaced to the red indicated a downward 
velocity of 1.22 km per second. The result given in the table for 
this spot is the mean, and indicates on the whole a considerably 
greater velocity downward than upward. The interesting fact, 
however, is that two parts of the umbra show these different con- 
ditions. The measurements in the case of spot 6772 point to a 
practically stationary state of the vapor producing the bright 
line, namely, an upward motion of less than o.1 km per second. 
On its return as 6787 the emitting vapor was descending with a 
velocity of 1.9 km per second. From the large percentage (88 per 
cent) of the spots showing only downward movement of the emit- 
ting vapor and from the varying results for the other spots, one can 
conclude that in the umbrae of spots the calcium vapor is in general 
descending, but that under certain conditions upward motions do 
occur. 
VERTICAL MOTION OF CALCIUM VAPOR OVER THE 
PENUMBRAE OF SPOTS 

The usual appearance of the K line of calcium in the penumbra 
of a spot is very similar to that over the surrounding flocculus, con- 
sisting of the two bright components of K, and the central dark 
line K,, except that the width of the K, line decreases rapidly as it 

29 


se) CHARLES E. ST. JOHN 


nears the umbra and the absorption line grows less distinct and 
finally disappears over the umbra. These two portions of the line 
lie, of course, upon the broad shading of K,, which is not considered 
in the wave-length measurements, as it is not possible to fix its 
position with sufficient accuracy. Both K, and K, have been 
measured; the center of the bright line was obtained by adding 
to the wave-length of the violet component the difference of wave- 
length between the absorption line and the red component.* Upon 
plates taken as these were, near the center of the solar image, the 
line usually runs straight over flocculus, penumbra, and umbra. 
No correction for distance from the center has been made to the 
wave-lengths in Table I, but in Table II, containing the results 
of the measurements over the penumbrae of the spots, the data for 
the umbrae of the individual spots are given with such corrections, 
which in no case exceed 0.002 A. 
TABLE II 
Tue K, anp K, Lines oF CALCIUM OVER THE PENUMBRAE OF CENTRAL SPOTS 


NortTa SouTH 
NUMBER UMBRA REMARKS 
Ka K; ! Ka K; 
e577 -.++| 3033-665(5) | 3933.682(5) |3033.681 | 3933.680(5) | 3933.602(5) | 2d apparition. Returned 
as 6592 
6602)... -633(2) .661(2) .6055 -643(2) .676(2) | For 2 days 
-658(2) -685(2) -688 .662(2) -690(2) | On the following day 
6604... .668(1) .685(z) -686 -691(1) .686(1) | 1st apparition 
6606 .... -677(2) .671(2) -677 .679(z) .668(z) | Only appearance 
6608 er. .661(2) .671(2) .676 -667(2) .678(2) | 2d apparition, about to 
break up 
6609 .... -657(5) -670(5) .68r .679(3) -686(3) | Return of 6592 
6025.5.0 .670(2) -684(2) .690 .666(2) .684(2) | 1stapparition. Returned 
as 66 
OO27 ne -681(2) .692(2) . 680 -659(2) .680(2) Retina ct 6609 
6660 .... -684(4) 685 (4) 684 .692(3) -684(4) | Only appearance 
6695 .... -657(r) .674(z) 68x .672(1) .687(1) | Leader of stream 
C140 Shales -684(r) .684(r) .687 -670(r) .686(z) | 2d apparition 
6753 rect -651(4) .674(4) 678 -659(4) -674(4) | 3d apparition 
675 a .674(5) -689(5) 685 -667(5) -680(5) | 2d apparition 
6705 aeae -§53(4) .678(4) 681 .661(4) -675(4) | Return of 6746 
Ons oe -658(3) .688(4) 688 .632(3) .659(3) | 1st apparition 
ly en -653(2) .678(2) -666 -654(3) -675(3) | Ist apparition 
6774 ae -661(r) .672(1) .670 .648(1) .684(1) | Developing spot 
oe steeis ee. -689(2) .607 .670(2) .680(2) | Return of 6771 
ory sere re (4) -694(4) 693 -650(4) -679(4) | Return of 6771 
oF neice .662(4) -673(4) 684 .668(4) .678(4) | Return of 6774 
Bee Rete .665(2) .694(2) -688 .672(2) .683(2) | rst apparition 
ree me Oey eens pee “Ooetn) ert) Bras inflow 
siatise ‘i 3 I .684 5 I -661(1 hows inflow 
Hes eae .655(1) -653(z) .687 .666(z) Cort ipa 
Os ee -674(z) .678(z) -683 -684(z) -696(z) | Shows inflow 
3933 -665(63)| 3033 .682(63)|3033.682 | 3933 .665(57)| 3033.679(57) 


* Adams, Contributions from the Mount Wilson Solar Observatory, No. 6, 3, 1905; 
Astrophysical Journal, 23, 47, 1906. 
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MOTION OF CALCIUM VAPOR OVER SUN-SPOTS II 


The headings “north” and “south” are not to be taken too liter- 
ally, as they refer only to opposite sides of the spots in a very general 
north-and-south direction. The separation into these two groups 
was made in order that the results of the two independent sets of 
measurements might serve as checks upon each other. The mean 
of the two surprisingly concordant results for the emitting vapor 
is 3933.665. The measurements are difficult to execute, but con- 
siderable reliance may be placed on the final mean, depending as it 
does upon 120 measurements. The wave-length in the arc being 
3933.667 A, it appears that in the penumbrae of spots the calcium 
vapor producing the emission line is on the average neither ascend- 
ing nor descending, as the mean would imply an upward velocity 
of only 150 m per second. The variation in the wave-length 
of the K, line in the penumbrae of different spots is greater than the 
errors of measurement in some cases, and should not be left out of 
consideration in the discussion of the individual spots. The high- 
level absorbing vapor is descending with a velocity of approxi- 
mately 1 km per second, if its wave-length be referred to 3933 .667. 
The measurements carried out on the absorption line K, reported 
in Contribution No. 48' point to a slightly shorter wave-length at 
the limb of the sun, where on the whole the effect of line-of-sight 
motion was probably eliminated; and, moreover, at the elevation 
at which the absorption line is produced, the pressure is probably 
less than one atmosphere, which is the value to which the arc 
wave-length is referred. 


VERTICAL MOTION OF CALCIUM VAPOR OVER FLOCCULI 


In Table III are assembled the results of the measurements 
of the wave-lengths of the K, and K;, lines of calcium over the sur- 
rounding flocculi and outside the penumbral region of the spots. 
Points were taken on flocculi north, south, east, and west, and at 
different distances from the spots in order that the mean might 
fairly represent the average condition over the flocculi. 

The division of the table into two parts was, as in the preceding 
one, for the purpose of using the two sets of measurements as checks 
upon each other. The K, line is very difficult to measure, because 


t Astrophysical Journal, 32, 36, 1910. 
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its components over the flocculi are very broad and each component 
is bounded differently on its two edges—on one edge by the K, 
shading and on the other by the K, line, and these boundaries are 
of different intensities. Moreover, the intensity of the K, com- 
ponent falls off more gradually toward the K, shading than toward 


TABLE III 
Tue K, anp K,; Lines or Calcium OVER CENTRAL FLOCCULI 
Norra AND East SouTH AND WEST 
NUMBER 
K, K; K, Ks 
.677(2 .679(2) 3933 - 680(2) 3933 -696(2) 
2 Ee ye eo 657(2) “671(2) 
.648(3) .682(2) .673(2) .676(1) 
.677(2) .670(2) .678(1) .674(1) 
.656(2) .665(2) .678(2) .682(2) 
.650(3) .666(3) .670(6) .677(5) 
.675(3) .685(3) .663(3) .683(3) 
.659(3) .673(3) .667(3) .680(3) 
683 (2) .689(2) .689(2) .688(2) 
.680(7) .681(5) .676(7) .690(6) 
.670(4) .685(4) .661(4) .677(4) 
.658(10) .673(8) .663(3) .680(2) 
.657(4) .688(4) -664(6) -680(6) 
.654(2) .685(2) .666(6) .678(6) 
.660(2) .678(2) .644(2) -659(2) 
-657(3) .682(3) -653(7) .665(7) 
.633(2) .660(2) .646(2) .679(2) 
.666(3) .682(3) .658(3) -679(3) 
.651(5) .684(5) | -651(5) .678(5) 
.659(6) .675(6) .671(8) .689(8) 
.684(2) .695(2) .672(2) .684(2) 
.681(3) .691(3) .667(3) .666(3) 
.677(2) .676(2) -673(2) .667(2) 
.666(3) .676(3) .675(2) .680(2) 
. 663 (3) .679(3) .666(2) .683(2) 
.672(2) .685(2) .656(3) .686(3) 
3933-663(85) | 3933-679(80) | 3033.665(90) | 3933.679(86) 


the K, line. The plates have been measured red right and red 
left, with from four to ten settings on each component in each posi- 
tion. It was found of advantage to use the adjustable slide over 
the plate to fix the portion of the line under measurement, and to 
eliminate as far as possible effects that might arise from the rapidly 
varying width of the bright component. In general these compo- 
nents appear to the eye to be of nearly equal widths over the flocculi. 
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The marked dissymmetry that is evident over the central portion 
of the disk outside of the flocculi shows but slightly, partly because 
the components are so broad, but mainly because it does not exist 
to the same degree. The mean wave-length for the two closely 
agreeing sets depending upon 175 measurements is 3933. 664 A 
against 3933.667 A in the arc and 3933.641 A at the center of the 
disk.‘ This indicates a small ascending movement of 0.23 km per 
second for the emitting vapor, against an upward velocity of 1.97 
km per second for this vapor over the general solar surface. There 
are some indications in the measurements at different distances 
from the spot that the upward movement increases with increas- 
ing distance, but the number of measurements is not sufficient 
to fix this point. This result for the bright calcium over the 
flocculi is not in agreement with the general assumption that over 
the flocculi this vapor is rising rapidly from the interior of the sun 
or from a hotter lower stratum. The present investigation has 
been confined to the usual conditions in the flocculi and has not 
dealt with the exceptional eruptive phenomena. No measure- 
ments are known to the writer supporting the assumption of rapid 
upward motion, which seems to rest upon what appeared to be a 
very natural explanation of spectroheliographic data. 


VERTICAL MOTION OF CALCIUM OVER CIRCUMFACULAR REGIONS 


In the previous paper, “The General Circulation of Calcium 
Vapor,” the measurements of the K, line were limited to regions 
free from spots and faculae. In the present investigation such 
measurements have been extended to the facular and circumfacular 
regions in order to detect any local circulation that might have 
its seat there, and to determine whether the facular and circum- 
facular regions are in any way complementary to each other. The 
measurements are given in Table IV and refer to the faculae sur- 
rounding the spots investigated, which were always near the center 
of the disk. 

The mean of all the measurements is 3933.678, but omitting 
spots 6771, 6772, 6774, which appear to form a group by them- 

t Contributions from the Mount Wilson Solar Observatory, No. 48, 21, 1910; Astro- 
physical Journal, 32, 56, 1910. 
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selves, the mean is 3933.680. The mean of 166 measurements of 
the wave-lengths of K, over faculae is 3933-679. In the paper 
“The General Circulation of the Calcium Vapor” already referred to, 
the wave-length of the K, line at the center of the sun was found 
to be 3933-680, and in the arc 3933.667. The agreement between 
the means of the three solar determinations is so close that it seems 
evident that the conditions obtaining in the case of the upper cal- 
cium layer of the solar atmosphere are the same over the general 
surface, the faculae, and the region immediately surrounding the 
faculae; and that a local system of circulation between the facular 


TABLE IV 
Tue K, LINE OVER CIRCUMFACULAR REGIONS 


Spot Number Wave-Length Spot Number Wave-Length 
ORG Pisscla Moot os 39033 -681(1) O7OS xo am oie ee 3033 -672(6) 
(foes isin Mea Ae .676(5) ORT ease ees .668(6) 
GOOLE Seow en antes .684(4) OFF 2 aici ee .666(5) 
OOOO NRE Peter are 683 (4) O77 ees .661(5) 
OOOSEY Senet: be otsaceney: .687(4) O7 80'S evecare .682(8) 
HOC Re ene -686(9) 69840 as eee -677(3) 
WOES o Ahonen oosane .684(6) 6788) a eee ee -677(5) 
GOZT RP aeons .678(7) O84 7a eee -675(3) 
OOOOH ae Shims ieee .685(3) 0840.00 eee .680(3) 
GOO'S manta. oe ee .673(10) O874 Bika aoe ee .687(6) 
(Sop Ove tet aes Byinare te eee .681(4) OSSOlsaay eee .679(4) 
OTS Senta ne ae mee .676(5) C886 v5. caesar .672(3) 
CHAO ean Teh .681(5) O807 nan eee .677(1) 
Mean ai tiie. wadet aparece 3933 -678(134) 


and circumfacular regions is not the usual condition in the high- 
level vapor. Twenty-six circumfacular regions were investigated, 
twenty-three of which show a descending motion of the absorbing 
vapor at every point at which measurements were made. These 
points have been taken on all sides and at varying distances from 
the edges of the brilliant flocculi. In nine cases out of ten, there- 
fore, the measurements indicate a descent of the high-level calcium 
vapor in the regions surrounding the faculae. In a tenth of the 
cases, namely in the circumfacular regions of spots 6771, 6772, and 
6774, the mean of the measurements is 3933.665 A. Compared 
with wave-length 3933 .667 in the arc this would indicate a possible 
upward motion of 150m per second; but the outstanding differ- 
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ence of 0.002 A is too small to predicate motion upon, and 
moreover the low pressure at this high level might account for the 
slight difference, as the shift per atmosphere is only 0.002 A. Refer- 
ence was made above to the possibility that these three spots form 
a special group. They were on the disk at the same time; two 
of them, 6771 and 6772, crossed the central meridian at the same 
hour; spot 6772 crossed 0.7 day later. It is of interest in this 
connection to compare the entire set of measurements at their 
following apparitions as 6786, 6787, and 6788, and with the mean of 
the whole series of spots. These data are assembled in Table V. 


TABLE V 
COMPARISON OF SPECIAL SPOTS WITH WHOLE SERIES 
: | | 
Spot No. os oan F; ee Penumbrae pues 
Cr A? 8 SAPO are, Ae 39033.668 3933. 668 3033 .673 3033 .688 
Ga OR thabie ec .666 .670 .676 . 666 
Die eh cae ONE . 661 .670 .678 .670 
Si7Aolo vs eer’ eer 8 .682 : .685 681 .607 
OVO FES see scion .677 .687 .081 .693 
C7OSe ae .677 .676 .682 684 
Whole series. . .680 .679 . 680 682 


It will be noticed that in the case of these three spots at their 
first apparition the state of the absorbing vapor was exceptional 
over the faculae as well as over the circumfacular regions, in neither 
instance showing any indications of a circulation between the two 
regions; and that in the case of two spots the calcium vapor was 
not descending over the umbrae, while on their second apparition 
all three were in agreement with the majority of the spots observed 
in showing a descent of the calcium. 

The results of this investigation of twenty-six circumfacular 
regions appear to differ from those obtained by M. Deslandres as 
reported in the Annales de l’Observatoire de Meudon, Tome IV, pp. 
75-79. Measurements were carried out at Meudon over the 
faculae and their immediate surroundings upon plates taken with 
the spectro-enregistreur des vitesses. 


Les mesures ont porté seulement sur la raie centrale K;, qui est nette et 
bien délimitée sur le disque entier; on a laissé de cété, au moins provisoirement, 
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la raie K,, dont les composantes ne se prétent pas toujours 4 un pointé précis. 
Les vitesses sont seulement relatives, car on a adopté pour déplacement zéro 
la moyenne des déplacements de tous les points de l'image. Or sur la facule, 
dans la grande majorité des cas, . . . . les vitesses sont descendantes, et 
tout autour ascendantes. Ce fait expérimental a été vérifié sur une dizaine des 


facules. 


And again, page 93: 

Cette conclusion, avant d’étre acceptée comme absolument définitive, devra 
étre appuyée sur des mesures plus nombreuses de vitesse radiale, faites non 
seulement au centre du Soleil, 6u les vitesses verticales seules interviennent, 
mais a une certaine distance de ce centre; ce qui permettrait de reconnaitre 
les vitesses paralléles 4 la surface. Dés, a présent, on peut affrmer quelle est 
extrémement probable. 


The apparent disagreement in the results of the two investiga- 
tions may possibly be referred to the different types of faculae 
studied in the two cases, In the present work all the faculae are 
large and in the immediate neighborhood of spots. The case 
shown in the Meudon Amnales is that of a small facula unconnected 
with any spot. Then, too, the Meudon measurements are relative, 
the zero of displacement being the mean of all the displacements. 
In the present investigation the second slit was wide enough to 
admit the two iron standards, one on each side of K;, from which 
the absolute wave-length of the displaced K, line was determined 
and through which the measurements were referred to the wave- 
length of the K line in the arc. From the adoption of the arbitrary 
zero in the former case it may be that the rise of the absorbing 
vapor in the circumfacular regions is only apparent, and that it 
is really descending in both regions, which would bring the results 
into nearer agreement. In view of the bearing of the results upon 
hypotheses relative to systems of circulation in the solar atmosphere 
the investigations at Mount Wilson will be extended to include 
large and small faculae and their immediate surroundings in cases 
where there are no associated spots. 


RADIAL AND ROTATIONAL MOTION OF THE CALCIUM VAPOR OVER 
THE PENUMBRAE OF SPOTS 
Radial movement of the reversing layer in sun-spots, showing 
an outflow with a velocity of one or two kilometers per second, 
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was announced by Evershed in rg09.' In a subsequent paper, 
under the heading “Radial Motion in the Higher Chromosphere,”” 
he writes as follows: 

I have said that the spectrum-lines are universally found to be displaced 
toward the red on the side of the penumbrae nearest the limb, and to the violet 
on the opposite side, thus indicating an outward movement. There are, how- 
ever, two notable exceptions among the host of absorption lines in the solar 
spectrum. The central absorption lines, known as H; and K; (possibly also the 
underlying emission-lines H, and K.) when clearly defined in the penumbrae, 
are displaced in exactly the opposite sense in every case I have examined, that 
is, towards the violet on the limb side of the spot, thus indicating an indraught 
of the calcium vapour of the higher chromosphere. ... . It would seem 
natural to suppose that the calcium vapour is drawn downwards as well as 
inwards, and I cannot at present say whether this is so or not, although some 
of my measures indicate such a downdraught. 


In the same paper Mr. Evershed considers the question of a 
spiral motion of the outflowing vapors of the reversing layer. He 
finds in the case of five spots a mean rotational movement of 0.35 
km per second and a radial motion of about 2 km per second, by 
combining which he gets a spiral movement opposite in direction 
in the two hemispheres. In the present investigation of the move- 
ment of the chromospheric calcium vapor to which the origin of 
the lines K, and K; is referred, plates were taken in the case of 
four spots with the slit of the spectrograph across the centers of the 
umbrae and parallel to the radius of the solar image passing through 
the spot. The measurements were carried out upon both the K, 
and the K, lines over the limb edges and center edges of the pe- 
numbrae of the spot as shown in Table VI. 

The typical appearance of the absorption line K; was that of 
a sinuous curve showing no abrupt change in direction at the outer 
limit of the penumbrae, but bending gradually back into the 
undisplaced line, as indicated by Plate III (b). Three of the four 
spots were followed from the east to the west limb; one was 
observed only near the east limb; but in every instance the wave- 
length on the edge of the penumbra toward the center was greater 
than on the edge toward the limb. In the former case the wave- 


t Evershed, Monthly Notices of the Royal Astronomical Society, 69, 454, 1909. 
2Tbid., '70, 218, 1910. 
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length was longer than the corresponding wave-length in the arc, 
and in the latter the wave-length was always shorter than in the 
arc. The mean line-of-sight components for the four spots and the 


TABLE VI 
Tur K, anp K,; Lines or CALCIUM OVER THE PENUMBRAE OF ECCENTRIC SPOTS 
Slit parallel to the radius through the spot 


Livge EpcE CENTER EDGE 
Spor PratE| DATE REMARKS 
K, K, K, K; 
I9I0 ; 
No. 6869 173¢ | July 15 |3033.650 | .658 |3933-673 | .683 | Line curved. 29 mm from East 
On C.M. limb 
July 18.6, Return of 6862 
I9QIO ; 
No. 6874 182c | Aug. 4 -660 | .637 .673 | .668 | Line curved. Spot 6 mm from 
On C.M. East limb 
Aug. 9.5, 1st apparition. Returned as 6880 
IQIO 185c | Aug. 5 3053 | 051 -702 | .698 | Line strongly curved. 17 mm 
from East limb 
187¢ | Aug. 6 -656 | .651 -687 | .690 ane carved. 30 mm from East 
m 
tosc | Aug. 9 -666 | .661 .687 | .687 | On central meridian. 59 mm 
from South limb 
togc | Aug. 11 .664 | .659 -662 | .680 sate oars 35 mm from West 
im 
201c | Aug. 12 -651 | .638 -680 | .683 ae curved: 23 mm from West 
im 
3933.658 | .650 -680 | .683 
No. 6880 2toc | Aug. 31 16329|) 2637 .652 | .669 | Linesharply curved. 4mm from 
On C.M. East limb. Return of 6874 
Sept. 5.8, 221c | Sept. = -639 | .639 -668 | .668 | Line curved. 12mm from East 
IgIo limb 
223c | Sept. 8 1032 .|) .O24 .670 | .686 | Line strongly curved. 25 mm 
from West limb 
225c | Sept. 9 -633 | .625 .681 | .688 | Line strongly curved. 15 mm 
SSS SSS from West limb 
$933 .634 | .031 -668 | .678 
No. 6886 237¢ | Sept. 21 FOAL SmI OSS .665 | .685 | Line curved. 5 mm from East 
On C.M. limb 
Sept. 26.9, 249¢ | Sept. 22 -649 | .639 .686 | .719 | Line strongly curved. 13 mm 
1910 from East limb 
255¢ | Sept. 24 -661 | .654 .665 | .603 Le caeved: 40 mm from East 
im 
256c | Sept. 26 30550 053 -666 | .687 
261¢ | ‘Oct.. = -660 | .640 -684 | .702 Lins eee. 8 mm from West 
== — m 
3033-654 | .644 -673 | .607 


corresponding motions along the solar surface found by dividing 
by the sine of the angular distance from the center are given in 
Table VII. 

This gives an average horizontal velocity of 2.0 km per second 
for the absorbing vapor and of 1.24 km per second for the emitting 
vapor on each side of the spot. For the absorbing vapor the mean 
result corresponds closely with the mean found by Mr. Evershed, 
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namely 1.83 km per second. The results for the K, line are of 
less weight owing to the greater uncertainties in the measurement; 
but it is an interesting fact that the mean is decidedly less than in 
the case of the absorbing vapor, that every measurement points 


TABLE VII 
LINE-OF-SIGHT COMPONENTS AND Motions ALONG SOLAR SURFACE 
UNREDUCED REDUCED 
Spot No. = 
Kz K, K, Ks 

SOG, flrs 2 au en aeen atone 1.75 km 1.91 km 2.59 km 2.75 km 
OST Cita cae gr Seas Sea A oe 1.68 2.59 2.29 Bint 
Coo Cn ear Boers 2.59 Re BE20 4.42 
OOSOme nr es seks etter I.45 4.04 Te o2 5 Bei 
Relative motion.......... Tete) 2.91 2.48 4.00 
ADNIEACH SIME He. Baw acs 0.904 1.46 1.24 2.00 


in the same direction, and that a similar difference appears, as will 
be seen later, in the measurements when the slit was perpendicular 
to the radius of the solar image passing through the spot. The 
data for the seven spots on which observations were obtained 
with the slit perpendicular to the radius are given in Table VIII. 
With a slit normal to the radius vector through the spot the 
radial flow of the vapor would produce no Doppler effect, but the 
rotational, or spiral movement of the vapor would displace the line 
on one side of the spot to the red and on the opposite side to the 
violet. After the spot passes the meridian the displacements on 
the two edges of the spot would be reversed; if the direction of 
rotation is such that the north edge is approaching when the spot is 
east of the meridian the north edge will be receding when the spot 
is west of the meridian. This was distinctly the condition shown 
by spot 6577 and its return as 6592, and also by spot 6874. Of 
the seven spots observed, counting each apparition, five showed 
relative displacements of the K, and the K; lines for the north and 
south edges. On Plate III (c) is shown an enlarged reproduction 
of a limited portion of the spectrum of spot 6874 with the slit at 
right angles to the radius vector. On the original negative the 
displacements on the opposite sides of the spot are very distinctly 
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visible. By holding the reproduction on the level of the eye and 
looking along the line the relative displacements may be seen. 


TABLE VIII 
Tue K, ann K; Lives or CALCIUM OVER THE PENUMBRAE OF ECCENTRIC Spots 
Slit perpendicular to the radius through the spot 


Sport 


No. 6577 

Gn C.M. 

Dec. 8.3, 
1908 


No. 6502 

On C.M. 

Jan. 4.7, 
1909 


No. 6610 

On C.M. 

Feb. 2.2, 
IgIo 


No. 6869 


No. 6880 

On C.M. 

Sept. 5.8, 
I9Io 


No. 6886 

On C.M. 

Sept.26.9, 
IgIo 


I II 
Prate| DATE 
K, K; | Edge Ka K; | Edge 
1908 
144 Dec. 13 |!3933.649 |.639 N. |3933-711 |.706 Ss. 
.651 |.648 N. -706 |.714 S: 
183 Dec. 30 -649 |.635 Ss -677 |.677 N. 
-659 |.645 S. -664 |.666 N. 
3933.652 |.642 3933-690 |.691 
1909 
237 Jan. 28 -676 |.683 N. .686 |.689 S: 
.670 |.663 N. .669 |.683 Ss 
.682 |.676 N. -680 |.694 Ss 
-677 |.671 N. .684 |.704 5: 
3933-676 |.673 3933-680 |.693 
I9I0 
173¢ | July 15 .664 |.656 Ne -691 |.683 S: 
.667 |.660 N. .681 |.694 Ss: 
3933-666 |.658 3933 .686 |.689 
182c | Aug. 4 -668 |.683 N. -666 |.650 Ss 
-670 |.685 N. -671 |.663 Sh 
18sc | Aug. 5 -666 |.683 N. -661 |.645 S. 
tgsc | Aug. 9 -676 |.680 E. -674 |.672 W. 
togc | Aug. 11 -691 |.6092 Ss -664 |.666 N. 
2toc | Aug. 14 -669 |.672 S: .652 |.642 N. 
.672 |.684 Ss: -651 |.638 N. 
3933673 |.683 3933-663 |.654 
2toc | Aug. 31 -648 |.652 N. .659 |.667 S. 
221c | Sept. 1 .656 |.660 N. 661 |.661 S. 
223c | Sept. 8 -681 |.682 SE -679 |.681 N. 
.671 |.683 Ss. .663 |.667 N. 
3933 .666 |.667 3933-664 |.669 
237¢ | Sept. 21 -654 |.666 N. .663 |.668 Ss 
249¢ | Sept. 22 .673 |.677 N. .672 |.679 ‘Ss 
205c. | \Octaunx -684 |.700 Ss -68r |.686 N. 
3933-670 |.681 3933-672 |.678 


REMARKS 


At West limb. Re- 
turned as 6952 


At East limb. Return 
of 6577 


8 mm from East limb 
Only observation 


29 mm from East limb 
Only observation 


6 mm from East limb. 
Line curved. Re- 
turned as 6880 


17 mm from East limb. 
Line curved 

On central meridian 30 
mm South of center 

35 mm from West Limb. 
Line curved 

5 mm from West limb. 
Line curved 


4 mm from East limb. 
Return of 6874 

12 mm from East limb 

25 mm from West limb 


5 mm from East limb 
13 mm from East limb 
8 mm from West limb 


In the case of spot 6577 when it was near the west limb the north 
edge of the penumbrae gave the shorter wave-length. When it 
appeared at the east limb as 6592 the south edge gave the shorter 
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wave-length. Considering the relative displacements at the two 
edges of the penumbrae as due to motions in the line of sight it 
follows that when the spot was east of the meridian the penumbral 
calcium vapor was approaching on the south side and receding on 
the north side; and when the spot was west of the meridian the 
penumbral calcium vapor was approaching on the north side and 
receding on the south side—indicating in both instances a counter- 
clockwise rotation for this spot which was situated in north latitude. 
In the case of spot 6874 observed during its passage from the east 
to the west limb, the rotation was in the same direction, but the 


Fic. 1.—Spots in two hemispheres with same direction of rotation 


spot was situated in south latitude. That these displacements 
are not due to an easterly and westerly drift on the north and south 
sides of the spot is shown by an observation on spot 6874 when on 
the meridian and south of the center by approximately one-third 
of the solar radius. In this position of the spot with the slit at 
right angles to the radius the displacements indicated approach of 
the penumbral vapor on the west side and recession on the east 
side, thus pointing to a true rotary movement. Of the three spots 
in the northern hemisphere two, 6610 and 6609, show a clockwise 
rotation; one, 6577, and its return, 6592, show a counter-clock- 
wise rotation. We have then the two cases: spots in the same 
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hemisphere showing opposite rotations and spots in the two hemi- 
spheres showing rotation in the same direction. In reference to 
his own observations Mr. Evershed says:* 


The opposite movement in the two hemispheres, although clearly shown in 
five instances, may not be an invariable rule. Referring to the magnetic field 
in spots, Professor Hale states that “although the larger spots in the northern 
and southern hemispheres of the Sun are usually found to be of opposite 
polarity, it frequently happens that spots of opposite polarity occur in the 
same hemisphere, sometimes in the same spot group.’? One would expect, 
therefore, if the rotation movement bears a causal relation to the magnetic 
field, to find occasional instances of spots showing a clockwise rotation in the 
north, or vice versa. 


Two of the seven spots observed, 6880 and 6886, showed no 
evidence of rotational motion. One of the two, 6880, was the re- 
turn of 6874, which on its first apparition showed such motion 
unmistakably. The means of the line-of-sight components of the 
rotational motion and the corresponding velocities along the solar 
surface found by dividing by the sine of the angular distance from 
the center are given in Table IX. 


TABLE IX 
LINE-OF-SIGHT COMPONENTS AND MOTIONS ALONG SOLAR SURFACE 


UNREDUCED REDUCED 
Spot No. 
K; K; K, K; 
OS aT ope niaicie ticles «a signees nels 4.50 km 5.11 km 4.50 km 5.11 km 
Ohfoyacastary oes career rar eat es 1.30 2.306 1.45 2.50 
OO LOmepeeae cities ieact tae 0.30 T.52 0.38 1.67 
OSOOR mark wa tetale ss ik, clay earns 1752 2.36 2.29 3.58 
OST Aree minterstctel sect eniiee : °.76 PD I.19 2.92 
Relative motionae so) ae 1.68 Dos 1.96 
| ‘ : 9 22217 
Onneachrsiden as ee eee 0.84 1.36 0.98 1.59 


This gives an average horizontal rotational velocity of 1.59 km 
per second for the absorbing vapor and of o.98-km per second for 
the emitting vapor on each side of the spot. The combination of 
the rotational movement with the inflow and downward movement 


gives a real vortical motion inward for the calcium vapor in the 
case of these four spots. 


* Evershed, Monthly Notices of the Royal Astronomical Society, 70, 224, 1910. 
? Hale, Publications of the Astronomical Society of the Pacific, 21, 205, 1909. 
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PROMINENCES IN PROJECTION 


Occasionally spectrum plates have been obtained in which the 
K absorption line has shown extraordinary appearances. These 
have been obtained at various times, and sometimes by successive 
exposures near the same point of the solar surface, so that the 
reality of the appearances is well established and the phenomena 
which they represent must be of quite frequent occurrence in the 
sun. The data for the plates showing such peculiarities are given 
in Table X. 

The characteristic appearance in each case upon which the 
present interpretation is based is the undisturbed condition of the 
absorption line K;. This occupies its usual position, as shown 
by its wave-length agreeing with the normal value for this part of 
the disk, and is bounded on the red and violet edges by 
the emission line K,. In some cases the violet component of K, 
shows a narrow absorption line superposed upon it through a dis- 
tance of some millimeters. In other instances there is a broad 
absorption line on the violet side of the emission line. The approxi- 
mate wave-length of this abnormal line shows a high ascending 
velocity in the vapor to which it is due. From the fact that 
the ordinary absorption line is undisturbed it appears that the 
phenomena here manifesting themselves by the displaced absorp- 
tion line originate in great masses of calcium vapor having no direct 
connection with those levels of the solar atmosphere where the 
ordinary absorption line is produced and moving independently of 
that part of the atmosphere. That is, they are detached masses of 
vapor, such as prominences on the solar hemisphere turned earth- 
ward would present. The phenomenon bears a certain analogy to 
that observed by Frost and by Slipher in the spectra of spectro- 
scopic binaries in which the H and K lines were undisplaced, and of 
which the suggested interpretations are an extended atmosphere of 
calcium surrounding the system or detached masses of calcium 
vapor in space. Plate IV is a reproduction of a photograph taken 
with 2 mm steps over such a moving mass. It is possible to see 
in the upper third of the reproduction, on exposures 5, 6, and 7, 
the characteristics referred to: the undisturbed K; line, the two 
components of the K, line, and the absorption line displaced to 
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TABLE X 


ABNORMAL K LINE OVER SPECIAL REGIONS 


Plate 


Date 


Jan. 
Jon 


Jan. 


Jan. 


Jan. 


Feb. 


Feb. 


20 


29 


29 


5 2 


5 AS 


5 AD) 


3 2%) 


30 


30 


22 


22 


Normal 
K, Line 


3933-675 


. 680 


.683 


.679 


.679 


.681 


.678 


.681 


.676 


.670 


.684 


.676 


Abnormal ea 


F to) 
K Line Ascent 


km 
3933-404 | 15.5 


TAT On er seO 


-484 | 13.9 


.349 | 24.2 
.378 | 22.0 


.456 | 16.1 


-467 | 15.2 


-466 | 15.3 


Remarks 


V K, double over a region of the 
solar surface 50,000 km in 
extent. K, undisturbed. 
Bounded by the bright com- 
ponents of K;. 50mm from the 
East limb 


V K, double over a region 100,000 
km in extent. K, regular and 
undisplaced. 50 mm from East 
limb 

mm steps from east to west. 

Over dark hydrogen flocculus 

north of spot 6608. Exposure 

2, normal conditions 

Exposure 3. RK, partially 
washed out on red edge. V Kz 
broad. K,; sharply bounded 
on V K,side. Faintly bounded 
by R K, 

Exposure 4. VK, broad. 
Divided by absorption line. 
K, undisturbed and bounded 
by the two components of K, 

Exposure 5. Kj; undisturbed. 
Bounded by K, on both edges. 
Broad dark line to the violet of 
V Ke 

Exposure 6. K; undisturbed. 
Bounded by K,. Broad dark 
line to violet of V K, 

Exposure 7. K; undisturbed. 
Extraordinary absorption line 
similar to exposure 6. 

Exposure 1. V K, double over 
region of solar surface. 15,000 
km in extent. K, undisturbed. 
Bounded by K, on each edge 

Exposure 2. 15,000 km west of 
Exposure 1. V K, double over 
region 35,000 km in extent. 
K,; undisturbed. Bounded by 
K, on both edges 

V K, double over a region 80,000 
km inextent. K; undisturbed. 
At center. Time 10 A.M. 

Same region as in No. 276, but 4 
hours later 


iS) 
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the violet. A fine example of this effect is shown in the beautiful 
reproduction, Plate 46, of the Meudon Annales, Tome IV. Under 
the title “Sur un filament extraordinaire,’ MM. Deslandres, 
d’Azambuja, and Burson report on this interesting case in which the 
displacements indicated vertical velocities exceeding too km per 
second. The phenomenon was of short duration, ending an hour 
and a half after the maximum velocity had been gained. It was 
not attributed to a prominence viewed in projection against the 
disk, but otherwise the interpretation, 

Tout se passe comme si, la couche K; restant a peu prés dans son état 
ordinaire, une grande masse de gaz au-dessus, distincte de la premiére, s’élevait 
irréguliérement a de grandes vitesses, 
is the same as that given here. 

It seems more than probable that the dark flocculi or filaments 
are closely connected with prominences when the remarkable 
Plates 43 and 45, Tome IV of the Meudon Annales, are examined. 
These reproduce K, spectroheliograms taken four days apart, 
upon which a long, dark flocculus, or chain of such, extends across 
the southern hemisphere of the sun. On Plate 43, where the dark 
flocculus reaches the east limb, it appears to blend into a large 
prominence, and at the west limb at the point touched by the 
flocculus, a small prominence is shown. On Plate 45, taken four 
days later, the flocculus has advanced from the east limb and the 
associated prominence has disappeared, while at the west limb 
the prominence has increased in height and appears still on the 
line of the dark flocculus. The whole appearance is as if the dark 
flocculus were a mass of calcium vapor high above the chromo- 
sphere, revealing itself on the disk by absorption and at the east and 
west limbs as prominences. Such masses of calcium vapor would 
be expected, under this point of view, to show as they do at times 
the enormous upward velocities obtained in the case of prominences. 
As the projected masses settle back again the motion would be 
slower. Measurements of the K, line over such a dark flocculus 
appearing on the Ha spectroheliogram of August 4, 1910, gives 
over the flocculus 4 3933.681, and around the flocculus 4 3933 .675, 
indicating a downward movement in both cases which was slightly 

Comptes Rendus, 150, 1638, 1910. 
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greater over the region of greater absorption. The same point 
of view is held by Mr. Michie Smith, who states that these dark 
calcium flocculi when photographed near the limb are found to 
agree in position with the prominences.* 

Mr. Evershed? considers the very conspicuous dark flocculus 
shown on certain H, spectroheliograms taken at Kodaikanal, 
Feb.—Apr. 1910, as due to absorption produced by the extensive 
prominence then transiting the sun’s disk, and says: 

When these dark markings are seen extending to the sun’s limb they are 
found almost invariably to end in a prominence, but the latter in many cases 
are somewhat insignificant in height. 

The detailed spectrographic study of such regions of absorption 
is a part of the program at Mount Wilson. 


DISCUSSION 


The evidence for and against general or local systems of circu- 
lation of the chromospheric calcium vapor deduced from the data 
of this paper may be considered from the point of view of the 
absorbing and emitting layers separately and together. In the 
case of the absorbing vapor the wave-length measurements over 
possibly related regions are: 


At the.centers (23eeeaee 3933 .680 (63)3 
Circumfacular regions ..... .678 (134) 
Flocctlivs cayge aa eee .679 (176) 
Penumbrae<s5 ae eee .681 (120) 
Umbraes. 054.36. nee .681 (11) 

In’theiarc ai. 8 <p ete .6674 


The most striking feature of the assembled data is the remarkable 
agreement of the separate means with the general mean 3933 .679 
from five hundred separate exposures. It appears that on the 


whole the high-level calcium vapor of the chromosphere is descend- 

* Contributions from the Mount Wilson Solar Observatory, No. 25, 7; Astrophysical 
Journal, 27, 225, 1908. 

2 Astrophysical Journal, 33, 6, 19tt. 

3 Contributions from the Mount Wilson Solar Observatory, No. 48, 41, 1910; Astro- 
physical Journal, 32, 76, 1910. 

4 Contributions from the Mount Wilson Solar Observatory, No. 44, 10, 1910; Astro- 
physical Journal, 31, 152, 1910. 
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ing over these different regions of the solar surface with a sur- 
prisingly uniform velocity on the average. In seeking for the source 
of supply we may look to outer space as Professor Newall has 
suggested, or to the inner regions of the sun. In speaking of the 
possibility of attributing the main characteristic spectroscopic 
phenomena of the sun to matter constantly streaming in from 
without Professor Newall* says: 


We may divide the attracted matter into three categories: (I) molar 
matter, in masses large enough to be drawn in in spite of light-pressure, having 
diameters longer than about 2} times the wave-length of light; (II) molecular 
matter, in masses small enough to escape, in virtue of the diffractional effects, 
the repulsion of light, having diameters less than about one-tenth of the wave- 
length of light; and (III) light-driven matter, in masses intermediate between 
molar matter and molecular matter, and subject to the repulsion of light. 

The reversing layer of the Sun is provided by molecular matter, constantly 
streaming across what we may call a critical envelope concentric with the Sun, 
and probably is in a slightly modified state of radiative equilibrium. The 
constant flux of matter here involved is provided by those constituents of the 
planetary whirl of molecular matter circulating round the Sun, which are 
directed inwards upon the Sun in virtue of properly directed collisions. 


If there were no evidence of any source of supply from the inner 
regions of the sun, the practical agreement of the mean velocities 
of the descent of the absorbing layer of calcium over such diverse 
regions of the solar surface as those over which the above measure- 
ments were made might well be adduced as tending to support the 
hypothesis of a constant influx from outer space. The rotation 
of this absorbing layer shows a small polar retardation and a high 
equatorial velocity relative to the reversing layer, but still an or- 
ganized rotation of low value compared to planetary velocities. 
There is evidence, however, that calcium vapor is rising from the 
interior over the general surface of the sun and over particular 
regions. As previously quoted in this paper from Contribution 
No. 48 the measurements of the wave-length of the K, line of cal- 
cium due to emitting vapor was found to be 3933 - 641 A over the 
general surface of the sun as against 3933 .667 A in the arc, indicat- 
ing a mean upward velocity of 1.97 km per second. This vast 


"Newall, Presidential Address, Monthly Notices of the Royal Astronomical 
Society, 69, 343, 1909. 
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ascending mass of calcium vapor would seem to be sufficient for 
the continual renewal of the supply, though perhaps in a less simple 
manner than the inflow from outer space. Over limited but still 
extensive areas of the solar surface great masses of relatively cool 
calcium vapor are ascending with very high velocity. These have 
been attributed to prominences seen in projection. These masses 
of vapor must diffuse laterally and eventually return to the solar 
surface under the action of gravitation, being free from the effects 
of light-pressure owing to their molecular condition. The supply 
from this source, probably having its origin in eruptions of much 
denser vapor from the interior, would hardly account for the layer 
of absorbing vapor enveloping the whole sun. This finds a sufficient 
and more probable supply in the vapor producing the K, line of 
calcium which is ascending over the general surface. 

The quantitative data with a bearing upon a circulation of the 
calcium vapor shown by measurements of the K, line are the wave- 
lengths of this line over particular regions as shown below: 


Over general surface....... 3933-641 (20)? 
Over dlocculine re ee .664 (175) 
Over penumbraes =... .665 (120) 
Over tmbrac Se aon .682 (141) 
Tn: (hesarowey, ieee ene .667 


This shows a rise of emitting vapor over the general surface with 
a velocity of 1.97 km per second and a descent of this vapor in the 
umbrae of spots with a velocity of 1.3 km per second, a total range 
of 3.27 km per second. The condition over the flocculi indicated 
by these measures is an intermediate one, possibly, on the whole, 
one of slow ascent. Taken in connection with the inflow shown 
in Table VII the evidence for a system of circulation of the emitting 
vapor is quite complete, in which the supply of vapor descending 
in the umbrae of spots is that rising mainly from the immediate 
surroundings of the flocculi and their peripheral portions and 
flowing toward the umbrae where it is drawn suddenly and rapidly 
inward. 

Attention has been called to the difference between the velocities 


* Contributions from the Mount Wilson Solar Observatory, No. 48, 21, 1910; Astro- 
physica! Journal, 32, 56, t910. 
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of inflow and rotation obtained from wave-lengths of the K, and Ky 
line. The results from Tables VII and IX are: 


4 K. Ky 
RntiGw: see eevee. 1.24 km 2.00 km 
Rotation. 4... 0.98 1.59 


Everything occurs as though the disturbance begins in the upper 
layer of the chromosphere and works down into the emitting 
layer, to which it communicates a motion of inflow and rotation, 
the lower stratum always lagging behind the upper. In the great 
majority of cases the K line over the umbrae is bright and single, 
but on a few plates taken even when the seeing was excellent the 
absorption line K, is present, while on later plates of the same spot 
it had disappeared. In such a case the presence of the absorption 
line cannot be due to photospheric light falling upon the slit of the 
spectrograph. The absorption line appears to be at times a real 
spot phenomenon and there is some evidence that it belongs to the 
earlier life history of a spot. 

Some light is thrown upon the bright reversal of the K line over 
the umbrae of spots by comparing the relative intensities of the 
umbral line and the K, and K, components over the penumbrae. 
For this purpose there was at hand the photometer devised by 
Hartmann! for the measurement of the intensities of photographi- 
cally blackened surfaces. This enables one to isolate an extremely 
small portion of the surface and to match its intensity against the 
photographically produced wedge. The measurements are given 
in Table XI, in divisions of the wedge-scale, which increase with 
increasing density in the negative. 

A striking result is the relatively weak intensity of the bright 
umbral line compared with that of the K, and K, components 
immediately outside the umbra. Under ordinary visual examina- 
tion of the negatives one gets the impression that the umbral line is 
much brighter than K, and almost equal in brightness to K, while 
in fact it is slightly less bright than K, on the average (Plate HI, a). 
The dark background of the umbra brings the line into high relief, 


t Astrophysical Journal, 10, 321, 1899. 
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just as in the laboratory experiments on the sodium reversal the 
line appears to decrease in brightness on passing from the dark 
background to the intense continuous background of the arc. 
Since the temperature of the spot umbra is lower than that of the 
surroundings, the bright umbral line is probably produced by the 
same vapor as that to which the K, line is due, there being a con- 
tinuous flux of the vapor into the umbra. The line is narrower and 
less bright than the K, line over the flocculi and penumbra, as 


TABLE XI 

RELATIVE INTENSITIES OF THE COMPONENTS OF THE K LINE 

Over Umbrae Over Penumbrae 
Reversal , VK, RK, © K, 
40.4 28.1 Ai si 45-4 AZ 
Bsn0 DSF 20.3 45.6 At oD 
48.1 QP 36.8 58.9 Soe 
47.0 36.0 Boe S512 48.0 
Ate 28.2 28.3 46.3 41.2 
44.4 20.5 29.6 Sian pee 
44.9 28.5 ANS... 46.2 44.0 
49.6 30.2 DOs 7 56.0 48.4 
50.9 47-3 47.0 66.4 50.3 
44.7 32.3 Be 53.0 40.5 


would naturally follow from the diminished pressure and lower 
temperature obtaining at the center of the spot vortex. The result- 
ing fall in the temperature of the absorbing vapor in the spot 
umbrae would reduce its radiation below that of the vapor to 
which the umbral line is due, as the bright line is frequently double 
the width of the K, line, and not always less intense as may be seen 
from the last three lines of Table XI. Therefore, it does not seem 
probable that the upper layer of calcium plays an important réle 
in the production of the reversal. The absence of the K, line over 
the umbrae may be due to the diminished quantity of the absorbing 
vapor which was earlier drawn inward, while that supplied by the 
Jateral inflow mainly descends in the region of the penumbrae and 
fails to reach the umbral region in large quantity during periods 
of rapid downdraught. 

Plate III (a) reproduces the typical condition over spot umbrae, 
though in many cases the reversal is relatively more intense than 
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here shown. The curve (c) in Fig. 2 is drawn from the data in 
Table XI and represents the K line over the umbra of a spot. 
The widths of the K, and K, lines in Fig. 2 are drawn to scale and 
show the relative widths under the different conditions to which 
the curves refer, but the width of the K, line is only suggested. 
The ordinates of the curves reproduce the relative intensities of 
all the components in terms of the wedge-scale. The intensities 
of the absorption line on the two sides of the reversal as shown by 
these measurements are practically equal, individually, and on the 
average. Jewell* found that: 

The absorption toward the red from the reversal was considerably darker 


and broader than toward the violet, thus giving evidence of considerable rela- 
tive velocity between the emission line and the broad absorption line or shading. 


The present measurements show that the bright umbral line 
is shifted to the red, which would tend to cause the absorption in 
the K line to be more conspicuous toward the violet. A com- 
pensation might result from the displacement of the center of 
gravity of the K, line also to the red owing to the greater pressure 
under which the line is produced. 

The inflow of the calcium vapor and the downdraught in the 
umbrae appear to be the usual condition of the spot, but the pe- 
numbral or extra-penumbral vortex is not developed around every 
spot, nor does it always persist in the case of a given spot when 
once developed. This is in harmony with the visual observations 
of Secchi, who considered the vortex an exceptional case: 

Si cela arrive quelquefois, c’est assez rare, car, sur trois cents taches et plus 
qu’on observe dans le cours d’une année, il y en a sept ou huit seulement qui 
présentent d’une maniére bien tranchée la structure spirale qui devrait carac- 
tériser les tourbillons. .... Non seulement les taches ne présentent pas 
toutes la forme de tourbillons, mais, de plus, cette forme, lorsqu’elle existe, ne 
persiste pas plus d’un jour ou deux, tandis que les taches elles-mémes peuvent 
subsister longtemps encore aprés avoir perdu la forme spirale.” 


The spiral structure is not shown around all spots on the Ha spec- 
troheliograms, though the spots themselves are magnetic fields as 
evidenced by the Zeeman effect. It is probable that in many 


« Astrophysical Journal, 3, 105, 1896. 
2 Secchi, Le Soleil, Part I, p. 80. 
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instances the region throughout which the vortex is strongly 
developed does not extend very far outside the umbra, and the 
surrounding gaseous masses are not sufficiently involved to be 
arranged in stream-lines. It is surprising that, in view of the spec- 
troscopic evidence of the inflow and downdraught of the calcium 
vapor, spectroheliograms taken with the H and K lines do not 
show more indication of stream-lines which are sometimes such 
marked features over vast areas of the Ha spectroheliograms. 
This may be due to calcium vapor being present in broader and more 
continuous masses over the flocculi, and being more uniformly 
distributed around spots than the hydrogen. If an electro-magnetic 
instead of a hydrodynamic cause be assumed for the line-of-force 
structure on Ha images, a suggestion made by M. Deslandres may 
be the key to the explanation: 

Chaque ion solaire mobile subit le champ électrostatique et électromag- 
nétique de tous les autres. Comme l’effet n’est pas le méme pour les atomes 


des masses différentes, on aurait la une explication des différences que pré- 
sentent les images du calcium et d’hydrogéne dans l’atmosphére solaire.* 


Stream-line structure does occasionally occur on H, spectro- 
heliograms according to both Hale and Evershed. In speaking 
of this Hale says: 

We have seen, however, that apparent lines of force having about the same 
curvature as the dark Ha flocculi are frequently shown by H, between spots of 
opposite polarity, though this line fails to give most of the finer details of the 
Ha structure. The difference may be due in large part to the greater effect of 
convection currents at the Hz level.? 


And Evershed writes: 


In good spectroheliograph plates of the calcium flocculi the regions of the 
penumbrae in quiet spots often show radial stream-lines and these are some- 
times curved. In general, however, the more brilliant masses of flocculi of 
the surrounding region show no tendency to either a radial or a spiral structure. 


RELATIVE INTENSITIES OF THE K LINES 


In the study of the conditions which produce the complex 
constitution of the H and K lines it appeared probable that a knowl- 
Comptes Rendus, 150, 72, 1910. 
2 Publications of the Astronomical Society of the Pacific, 22, 77, 1910. 
3 Monthly Notices of the Royal Astronomical Society, 70, 224, 1910. 
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edge of the relative intensities of the components of the K line 
would be useful, and particularly the intensity of K, in com- 
parison with the intensity of the continuous spectrum in the case 
of the very brilliant flocculi. For this purpose the Hartmann pho- 
tometer was found very convenient and satisfactory. 

One of the most striking appearances in a series of exposures ex- 
tending from the limb to the center of the sun in which the exposure- 
times are such as to give equal intensities for the continuous 
spectrum is the great intensity of the K, components at the limb, 
and their gradually decreasing intensity with increasing distances 
from thelimb. At the limb these components are very conspicuous, 
while at the center they are apparently very weak, except over 
flocculi, but still distinctly visible. Two typical plates were 
selected from a long series, upon which the intensity of the K,, 
K,, and K, lines was measured with the mean results in Table XII, 
which are expressed in divisions of the wedge-scale and represent 
the ordinary conditions at the center and limb of the sun. 


TABLE XII 
RELATIVE INTENSITIES OF THE K LINE AT LimsB AND CENTER 


Plate Position Ky K, K, K.—K, K.—K, K.:—K; 
CA Non aac Center Aaa 54.9 50.6 0.8 4.3 Bes 
AO Ba we cee Limb 50.4 54.8 47.9 4.4 6.9 Boks 


Two points revealed in obtaining this series of measurements 
are surprising, namely: the equal intensities of the K, line at the 
limb and center, andthe difficulty of detecting with the photom- 
eter the difference between K, and K, at the center. When the 
lines are all in the field of view of the photometer, the K, line is 
distinctly seen and the dissymmetry of its components is clearly 
apparent, but when a small portion of the K, line is isolated by the 
photometer and settings of the wedge have been made for equality, 
it is very difficult to observe any change when the inner edge of the 
K, line is brought into the field of view. The results given in the 
table are the means of many settings. The apparent brightness 
of the K, line at the center is due largely but not entirely to contrast 
effect owing to the proximity of the strong absorption line K,. 
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The increased intensity of the K, line at the limb is mainly apparent. 
The absolute intensities on these limb and center plates were prac- 
tically equal, but the contrast effect at the limb was greatly in- 
creased by the greater strength of the absorption lines K, and K, 
between which the K, components lie. The effect is also enhanced 
by the greater width of the lines at the limb. In the cases of K, 
and K; the absorption at the limb, as would be expected from the 
greater effective depths of the absorbing layers, is greater than 
at the center for each line. But the increment in the case of K, 
exceeds that in the case of K,, as they have become more nearly 
equal. At the center the K, line is just measurably brighter than 
the background produced by the K, line. At the limb the darken- 
ing of the background, particularly in the case of K,, raises the K, 
line into relief without any great increase of its intensity. The 
results are shown graphically in Fig. 2, (a) at the center, (b) at the 
limb. The dissymmetry of the components of the emission line 
at the center is a marked feature, V K, being broader than R K,. 
At the limb the components are equal in width and intensity. 
The curves are to scale and represent the relative widths of K, and 
K, and the relative intensities of all three components. 

When the slit of the spectrograph crosses the very brilliant 
flocculi the density of the emission line K, appears to the eye, some- 
times, to equal the density of the continuous spectrum. The 
photographic intensity of the spectrum decreases rapidly just 
beyond the K line due to absorption in the ultra-violet region by 
the glass of the lens. It was thought possible that the instrumental 
absorption might so reduce the intensity of the continuous spectrum 
on the violet side that a false result might be obtained if that alone 
were used. Comparison points were therefore taken on both sides 
of the K line at distances of about 12 A with the following results 
expressed in the wedge-scale: 


TABLE XIII 
K, CoMPARED WITH CONTINUOUS SPECTRUM 


Plate A 3920 Ki Ka A 3945 Continuous-K2 
TKO no ei SDoe 69.5 30.3 59.2 70.7 10.9 
BOT reine ier w- 59-5 28.6 48.5 60.9 lee 
AK ees ee odasc EO 39.2 iat 58.2 On7 
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In each case the intensity of the strong emission line was 
markedly less than that of the continuous spectrum even on the 
violet side. The usual calcium spectroheliogram is taken with 15, 
or K,, using one or both components, upon which the flocculi 
appear bright against the less intense background produced by the 
ordinary intensity of the line. The strength of the absorption line 
photographed with a long slit varies greatly along its length, becom- 
ing less intense as an absorption line when the slit crosses a flocculus, 
under which conditions it approaches the brightness of the emission 
line and may even disappear as an absorption line. The measure- 
ments in Table XIV were made at 2 mm steps along the line, 
including in the range of measurements two small flocculi. 


TABLE XIV 
INTENSITIES ALONG THE K, LINE 


Over Flocculus Over Flocculus 
gs eons 49.5 | 54.9 60.3 |'63.6 | 62.0)|'60-0)| §3.2)| 5227 | 50245800.7 5052 52.52 
DAI ae eed tae fees |!O2sS:|!00 241 O20 || ieiceey ll ersee cit teeta ragey | leeeneeem Oo ee7al Meenas | Paes 


As seen, radiation has increased over the flocculi in both the 
K, and K, lines. The curve, (d), Fig. 2, shows the cross-section of 
the K line over such a flocculus. In comparing the ordinates of 
this curve with those of (a), it is seen that the radiation in the case 
of all three components has increased, the increase being the 
greatest for K,. Spectroheliograms taken with the K, absorption 
line should show areas of great relative intensity corresponding 
to the flocculi shown on K, spectroheliograms; owing to the bright- 
ness of the K line over the umbrae, spots should not in general 
appear; and the dark flocculi, due to masses of absorbing vapor high 
above the chromosphere, should be much more conspicuous fea- 
tures than upon the K, spectroheliogram, since this cooler vapor, 
unless in very rapid motion, would greatly increase the absorption 
at the center of the K, line and affect the K, components in less 
degree. In speaking of the possible photography of the disk with 
the K, line Hale and Ellerman say:" 

If successful, photographs taken in this way will probably show the calcium 
prominences as dark regions projected upon the disk. 

* Publications of the Yerkes Observatory, 3, Part Te paeroe 
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These are the appearances found by M. Deslandres in his skilful 
application of the spectroheliograph to work with the K, line: 

Cette couche supérieure, étudiée avec le calcium et l’hydrogéne a comme 
caractéres; l’extension jusqu’a elle des facules de la surface, mais avec des 


formes différentes, la disparition presque absolue des taches et l’apparition des 
lignes noires, souvent trés longues, qui sont les filaments. 


THE EMISSION LINE kK, 


There is complete consensus of opinion in the case of K, namely: 
that it is produced by absorption in the upper and cooler regions 
of the chromosphere. As to the bright reversals H, and K,, Hale 
and Ellerman say: 

_ From a strict application of Kirchhoff’s law it would appear that the cal- 
cium vapor in the lower chromosphere is actually hotter than the calcium 
vapor which lies above and below it. It seeins improbable that the law can be 
rigorously applied in this case, and hence it may be necessary to attribute the 


strong radiation of the intermediate layer to causes other than temperature 
alone.? 


Mr. Evershed speaks of the bright H, and K, lines as represent- 
ing the emission of the relatively hot calcium vapor rising imme- 
diately above the ordinary faculae. 

And Hale, in his Stellar Evolution (p. 86), says: 

The bright H and K lines, referred to in the last paragraph, were found in 
close association with the faculae, and it appeared probable that much of the 


highly heated calcium vapor, to which these bright lines are due, rises from the 
interior of the Sun through the faculae. 


M. Deslandres considered the light of the chromosphere to have 
an electric origin and wrote of the brilliant flocculi overlying the 
faculae: 


Dans la chromosphére, les phénoménes électriques sont plus intenses 
au-dessus des points élevés de la surface.3 


And later he has attributed the increased radiation over the 
bright regions to the compression produced by the descent of the 
vapors from the higher levels: 


1 Annales de V’ Observatoire d’Astronomie Physique de Paris (Meudon), 4, 103, 1910. 
2 Publications of the Yerkes Observatory, 3, Part I, p. 16. 
3 Comptes Rendus, 138, 1377, 1904. 
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En général, sur les parties brillantes, les déplacements sont vers le rouge; 
et la vapeur descend dans l’atmosphére. Comme alors elle se comprime et 
s’échauffe, l’augumentation de son éclat est naturelle." 


A somewhat analogous explanation of the bright reversals over 
the general disk was suggested by the writer,” namely, an increase 
of radiative power produced by the mutual interaction of the 
rising emitting vapor and the descending absorbing vapor, their 
relative velocity being found to be about 3 km per second. A small 
rise of temperature would probably be sufficient to account for the 
increased radiation, as Mr. King’s work with the furnace has shown 
that the H and K lines are high-temperature lines in the sense that, 
with rise in temperature, they increase markedly in intensity 
in comparison with the arc lines, and without decided widening.’ 
The temperatures available in Mr. King’s experiments with the 
electric furnace did not exceed 3000°C. At solar temperatures 
the same increment of temperature would be less effective in increas- 
ing radiation, but that this characteristic of the H and K lines still 
obtains at solar temperatures is indicated by their great intensity 
in the sun as compared with that of A 4226.9, which at low fur- 
nace temperatures is stronger than H and K. This explanation 
would have less force over the faculae where the calcium vapor 
has little if any upward velocity, while over these regions the 
radiation of the calcium vapor is the most intense. 

A very different cause is assigned for the origin of the bright 
lines H, and K, by Professor Julius in his “Spectroheliographic 
Results Explained by Anomalous Dispersion.’’4 This demands a 
density-gradient at right angles to the line of sight, which he finds 
in the cross-section of solar vortices: 

For it [the density] is a minimum in the axes of vortices; and the average 
direction of the whirl-cores, lying between the Earth and the central parts of 


the Sun in the surfaces of discontinuity, differs but little from our line of sight. 
The rays of the Sun thus reach us after having traveled a great distance along 


* Annales de V Observatoire d’Astronomie Physique de Paris (Meudon), 4, p. 77. 


* Contributions from the Mount Wilson Solar Observatory, No. 48, 37-39; Astro- 
physical Journal, 32, 72-74, 1910. 


3 Contributions from the Mount Wilson Solar Observatory, No. 32, 1908; Astro- 
physical Journal, 28, 389, 1908. 


4 Astrophysical Journal, 21, 278, 1905. 
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lines making small angles with the levels of slowest density variation in a lamel- 
lar, partly tubular, structure. 

Accordingly, the bright lines H, and K, come from photospheric 
light of wave-length very near to that of the central absorption line, 
whose divergence has been changed to convergence by the tubular 
structure and thus reaches the earth with increased intensity. A 
serious difficulty involved in this explanation is that it demands 
that the axis of the tubular structure be always directed toward 
the earth. If the direction of the whirl-cores differs but little from 
our line of sight when they occur in the central portions of the 
sun, the direction must be nearly at right angles to our line of sight 
when they rise from the peripheral regions since they are approxi- 
mately normal to the solar surface; but the spectroheliograph 
shows the flocculi near the sun’s limb reduced in width 
as they would be by foreshortening if they were really bright 
surfaces. Itis very easy to convince oneself by the examination 
of a series of daily spectroheliograms that the flocculi appear, 
as bright surfaces attached to the sun would appear in projection 
when carried across the line of sight by the sun’s rotation. 

It is evident that the bright reversal of the K line over the general 
disk and the increased intensity of the emission line K, over the 
facular region in comparison with the intensity over the general 
surface have not yet received a generally accepted explanation. 
An explanation of these reversals is here based upon the different 
radiation coefficients for the different parts of the line, and the 
molecular scattering of light. For the lower layer there is general 
agreement among solar spectroscopists, namely that the density 
of this layer is the basis for the great width of the line, and that for 
the central portion of the line at least, the absorption is complete. 
The temperature of this layer being less than the source of the 
continuous spectrum background, a broad line darker than the 
continuous spectrum is produced. In the case of the next layer, the 
so-called emitting layer, its pressure and temperature are both 
reduced in reference to the underlying layer. The decrease of 
pressure results in a narrower line, but its lower temperature does 
not necessarily imply a decreased radiation, as on nearing the center 
of the line the coefficient. of radiation rapidly increases, and if the 
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gain due to a higher coefficient of radiation exceeds the loss due to 
decrease of temperature the result would be a relatively narrow 
bright line superposed upon the center of the K, line. This result 
would be favored by the greater scattering of the light coming from 
the lowest layer, which would tend to darken the background by 
reducing the light in the K, line. 

Spectroheliograms taken with the first slit on the K, line, at 
decreasing distances from the center of the line, and then with the 
slit on the K, line, in the opinion of solar observers, represent 
different levels in the solar atmosphere, rising in level as the slit 
approaches the center of the line. The area of a flocculus increases 
progressively, reaching its maximum area according to M. Des- 
landres, when photographed by the light from the K, line. These 
appearances have been interpreted as indicating a tree-like 
structure of the rising column of calcium vapor. A diagram 
illustrating this view is given by W. J. S. Lockyer in Nature, 69, 
611, 1904. This implies that the calcium vapor is rising over the 
faculae, an assumption which the wave-length measurements 
obtained in this investigation do not appear to justify. 

An explanation of the effects obtained at different levels by 
employing the parts of the K line in taking monochromatic photo- 
graphs is here based upon the selective absorption in different parts 
of the K line which determines the depths in the solar atmosphere 
from which light of the different parts of the line reaches us, and 
upon the great sensitiveness of the H and K lines to changes of 
temperature or excitation. The faculae may be considered as 
régions from which a disturbance is propagated into the over- 
lying gaseous masses. These may be regions of higher surface- 
temperature, absolutely or from their being elevated above a portion 
of the surrounding vapors, or as Professor Newall suggests: 

Under the influence of local disturbances, regions of the Sun may emit 
corpuscles which succeed in penetrating the lower strata of the reversing layer, 


and cause higher strata to glow as if their effective temperature were higher 
than lower strata, and thus bright flocculi arise. 


In either of the above cases the disturbing influence would tend 
to spread radially from the center of disturbance and increase 


* Monthly Notices of the Royal Astronomical Society, 69, 343, 1900. 
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the radiation coefficient of the calcium vapor perhaps selectively 
even within the K line. Mr. King has shown in his work with 
the electric furnace that the intensity of the H and K lines is 
very susceptible to temperature changes without corresponding 
changes in the width. For a narrow range of wave-length, repre- 
sented by the width of K,, the radiation increment may be assumed 
to be large; through a range of wave-length corresponding to the 
difference between the widths of K, and K, the increment would 


FIG. 3 


be less; while for wave-lengths between the boundaries of K, and 
K, the increment would be extremely small. The diagram in Fig. 
3 will illustrate the manner in which the area of a flocculus would 
vary for different parts of the H and K lines. 

The distance of the line a, 6; below the upper surface indicates 
the depth to which we see into the solar atmosphere by the light 
of the K, line; the half-circle marked 3 represents the limit of the 
appreciable effect upon the K, line produced by the disturbance 
propagated from the facula. As the first slit of the spectrohelio- 
graph, set upon the K, line, moves over the region an area much 
larger than the facula would be bright relatively to that photo- 
graphed by the neighboring parts of the K, line. For wave- 
lengths differing slightly from K, the increase of radiation would 
not be so great for equal excitation, but the depth from which the 
light comes would be greater. The level therefore from which the 
light of the K, line comes, is lower owing to the decreased absorp- 
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tion. At this depth the excitation may be intense enough to be 
effective upon the radiation of this wave-length, thus increasing 
the intensity of K, in comparison with the intensity of the adjoining 
parts of the line. The area photographed by the K, line would be 
less than that photographed by the K; line, but still considerably 
larger than the facula as indicated in the diagram by the line a, 6, 
and the corresponding circle. 

In the case of the K, line the light comes from a still greater 
depth, but for wave-lengths differing so much from the center of 
the line the increased excitation is very much less effective in in- 
creasing radiation than in the case of K, and K,, and the distances 
from the center of disturbance at which the excitation is sufficient 
to increase the radiation in K, over the facula in comparison to the 
radiation in the neighboring parts of the line are much less, and the 
areas photographed by setting the first slit of the spectroheliograph 
at increasing distances from K, would approach the area of the 
facula as a limit. 

There is probably a piling up of calcium vapor over the pe- 
numbrae of spots and the surrounding faculae, evidenced both by 
the greatly increased width of the K, line over these regions and 
the absence of appreciable motion of ascent or descent of the emit- 
ting vapor as shown by the wave-length determinations, though it 
is rising rapidly over the general surface. It is difficult to believe 
that it is not rising through the faculae as elsewhere. The descent 
of the upper portions of the layer toward the umbrae of spots and 
the great thickness of the layer would tend to mask the rising 
vapor that is probably being added to the mass from below and 
perhaps crowding it slowly upward, the down-flow into the umbrae 
being supplied by the inflow from the surroundings of the flocculi. 
That there is an intimate connection between the faculae and the 
accompanying flocculi is indicated by their community of form 
and location. Such a nodal condition as is indicated by the normal 
wave-length of the K, line over the faculae surrounding spots 
might be favorable to an accumulation of calcium vapor as a kind 
of back-water effect where opposing currents tend to annul each 
other. The observations upon which this paper is founded were 
made upon completely developed spots. It would probably give 
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added light to the subject to study the motions of calcium vapor 
over developing faculae and spots, and be particularly interesting 
to observe the initial conditions in the case of a large flocculus. 
From the point of view of the combined action of absorption 
and scattering, Professor Schuster’ has considered the radiation 
of a gaseous layer of uniform temperature and of a layer in which 
the temperature variation is such that the radiation of a black 
body varies directly with the distance from the front surface. 
In the latter case, the only one which approximates solar condi- 
tions, he shows that for certain values of the coefficients of absorp- 
tion and scattering homogeneous radiations may appear bright 
with a dark center. Bright in this sense means brighter than the 
continuous spectrum, but the solar H, and K, lines are less bright 
than the continuous spectrum. Professor Schuster finds that 
for certain values of the coefficients the intensity of homogeneous 
radiations rises to a maximum which is greater than the intensity 
of the continuous spectrum, then falls for larger values of the 
coefficient of absorption which obtain as the center of the line is 
approached. The problem to be solved, however, is that in which 
the intensity-curve for the line has a minimum corresponding to 
K,, a maximum corresponding to K,, and a second minimum 
corresponding to K,, all less than the continuous spectrum, and 
occurring with progressively increasing coefficients of absorption 
and progressively decreasing thicknesses of the effective layers. 
Its solution requires a knowledge of the coefficient of scattering, 
and of the radiation-gradient which probably differs greatly 
for the wave-lengths concerned in the production of the K,, K., and 
K, lines; as Professor Schuster points out, the radiation-gradient 
depends not only on the temperature-gradient but also on the wave- 


length. 
GENERAL CONCLUSIONS 
1. In the great majority of sun-spots the calcium vapor is 
descending in the umbrae with velocities varying from 0.68 km 


per second to 2.2 km per second. This result is obtained from the 
usual bright reversal over the umbrae and also from the absorption 


t Astrophysical Journal, 21, 1, 1905. 
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line when present. Occasionally the calcium vapor is rising in the 
umbrae. 

2. Over the penumbrae of spots the calcium vapor which is 
the source of the bright line K, has little, if any, vertical motion. 
The calcium vapor producing the, absorption line is descending 
with approximately the same mean velocity as over the general 
disk. 

3. Over flocculi surrounding spots the emitting vapor shows a 
very slight but doubtful upward motion. The mean wave-length 
for K, over the central flocculi is 3933.665 A compared with 
3933.667 A in the arc, an agreement within the errors of measure- 
ment. The absorbing vapor, the source of the K, line, is descend- 
ing with the same mean velocity as over the general disk. 

4. Over circumfloccular regions the upper layer of absorbing 
calcium vapor is descending with practically the same mean velocity 
as over the general disk, and does not show evidence of a local 
system of circulation involving the flocculi and their immediate 
surroundings. 

5. A radial motion of the calcium vapor inward across the 
penumbrae is shown both by the emitting and absorbing vapor. 
The velocity is higher for the absorbing vapor than for the 
emitting vapor. 

6. A rotary motion of the calcium vapor around the umbrae of 
spots is an occasional phenomenon, and is shown by the displace- 
ments of both the absorption line and the bright line. The velocity 
is higher in the case of the absorbing vapor than in the case of the 
emitting vapor. 

7. The combination of the radial motion inward and the rotary 
motion results in a spiral or a vortical motion converging upon 
the umbra. The direction of rotation does not depend upon 
whether the spot is north or south of the sun’s equator. The 
disturbance appears to originate in the high-level absorbing vapor 
and to work downward, involving the emitting layer. 

8. The phenomenon of a dark absorption line appearing in one 
of the K, components, or beyond their outer edges, while the K, 
line is undisturbed, is interpreted as being caused by detached 
masses of relatively cool calcium vapor high above the chromo- 
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sphere, and in more or less rapid motion, that is, by prominences 
projected against the sun’s disk. 

9. In addition to the general circulation of the calcium vapor 
shown by the ascent of the emitting vapor and the descent of the 
absorping vapor over the general surface of the sun, there appears 
to be a local system in which the emitting vapor rises around the 
flocculi, flows across the penumbra, and is then drawn downward 
into the umbra with or without vortical motion. There is very 
slight evidence, if any, of its rising from the interior of the sun 
through the faculae, except in the case of eruptions. 

to. The intensity of the bright K, line over flocculi is less than 
that of the continuous spectrum. The apparent weakness of the 
K, line in the spectrum of the center of the sun is due mainly to the 
slight difference between it and the background of the K, line. 
Its apparent increase of intensity at the limb is due in the main 
to the greater absorption in the K, and K, lines which raises the 
K, line into relief without much actual increase of intensity. 

11. The relative intensities of the K,, K., and K, lines may be 
explained by the great differences in their radiation coefficients 
and the consequent different depths in the solar atmosphere from 
which light of their respective wave-lengths reaches the surface 
owing to selective absorption. The occurrence of the bright 
emission line K, would be favored by the scattering of the light 
from the still lower layer. 

12. The results for different levels obtained by the spectrohelio- 
graph find a possible explanation through considering the underly- 
ing faculae as sources of disturbance propagated into the overlying 
masses of calcium vapor and increasing in different degrees the 
radiation coefficients of the components of the K line. 


Mount Witson SoLaR OBSERVATORY 
March 1911 


65 


~ 


Contributions from the Mount Wilson Solar Observatory, No. 55 


ma 


Preprinted from the Astrophysical Journal, Vol. XXXIV (September), ror 


THE ZEEMAN EFFECT FOR VANADIUM 
By HAROLD D. BABCOCK 


On account of the importance of vanadium in the study of 
magnetic fields in sun-spots, the following material is presented 
now. It is preliminary to a fuller discussion of the subject which 
must be deferred for a period. 

The apparatus employed and the manner of taking the photo- 
graphs have been described in a preceding paper.t' The field- 
strengths employed for different plates ranged from 17,500 to 
19,800 gausses. For nearly all of the plates lumps of pure vana- 
dium were used as spark terminals, but two photographs were 
taken with pieces of ferro-vanadium supposed to contain ten per 
cent of the metal. This substance in the spark yields the vanadium 
lines in abundance, as well as the stronger iron lines. 

In Table I are given the results obtained from all the plates 
taken up to this time. From 5500 to » 6600 the number of plates 
upon which the results depend is relatively greater than for the 
remainder of the spectrum. The wave-lengths employed are 
those of Hasselberg? and of Shaw,? except for a very few lines given 
only by Exner and Haschek.t The wave-lengths taken from 
Shaw’s paper are on the Rowland system. 

The second column of the table gives the total number of com- 
ponents into which the line appears separated when viewed at 
right angles to the magnetic field. The number 1, which is occa- 
sionally found in this column, indicates that the line is undivided 
by the field. The letter C, with or without a number, is used here 

* Contributions from the Mount Wilson Solar Observatory, No. 52; Astrophysical 
Journal, 33, 217, I9Il. 

2B. Hasselberg, “Die Spectra der Metalle im electrischen Flammenbogen,” 
Kongl. Svenska Vetenkaps-Akademiens Handlingar, Bandet 32, No. 2. 

3H. Shaw, “The Arc Spectrum of Vanadium,” Astrophysical Journal, 30, 127, 
I1gog. 

: ; Wellenléngen Tabellen der Funkenspectren der Elemente, Leipzig and Vienna, 
Igo2. 
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as an abbreviation for complex, and signifies that higher resolving 
power is required for the complete analysis of the components. 
If a number accompanies the letter it indicates how many groups 
of components were observed. Measures given for such lines 
refer to the average separations of the groups of components 
unless otherwise noted in the remarks. 

The third and fourth columns show the separations in Ang- 
stréms for the n- and p-components, respectively, for a field-strength 
of 20,000 gausses, while the fifth and sixth columns contain for 
the same field the corresponding values of AA - 10°/2?. 

In some cases it was impossible to measure both members of a 
pair of components on account of blending with neighboring lines. 
For such the component clearly shown was referred to the normal 
position of the line, and the measured difference doubled. 

In the ‘‘Remarks” column numbers are used to express the 
relative intensities of the components of a group in case they 
differ. The relative position of the numbers corresponds to that 
of the components when viewed with longer wave-lengths on the 
right. Thus 7 2:1 means that of the two -components of a line 
the one on the violet side is twice as intense as the other. No 
attempt is made to compare the intensities of m-components with 
those of p-components. In this column E means that the line 
is given in Lockyer’s list of enhanced lines; —r means not resolved; 
w with a subscript means widened, the magnitude of the subscript 
indicating the amount of widening; w, represents the greatest 
widening observed. _ 

As regards types of separation, vanadium is simpler than 
chromium. It has very few cases of asymmetry and compara- 
tively few lines of more than four components. The largest num- 
ber of components observed for one line is 12, for A 6119.74. The 
one line having ten components is 4 6081.66. There are twenty 
lines having six components, two each of five,.seven, and eight, 
and eight undivided lines. In addition to these there are 46 
quadruple, 349 triple lines, and some whose classification is uncer- 
tain. j 

The average value of AA - 108/? for all the triplets is 2.20, 
the extremes being 0.71 and 6.01. For those triplets which lie 
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TABLE I 
SEPARATION OF VANAprIuM LINES IN MAGNETIC FIELD 


f = * 108 
A — : for 20,000 Gaugses for 20,000 Gausses Remarke 
n Pp m p i 
3865.02 Se REOL2 TOs Ile sas cles 1.87 p not observed 
3867.00 3 OTSO2) a ata 2.02 
3867.77 3 O35 7 lemcarins 2.39 
3871.23 3 5320 | beces eae Deaths: 
3873.80 ent eeeue te || eee eee a 
3875.22 3 OSS Teele ce pices 220 
3876.05 6? OAC Saartes 2.93 scaiaes p-components uncertain 
3876.21 4 0.314 Ont 2.09 Tens 
3878.90 3 ORZO4a0 | ene 2.02 E 
3879.82 co Ser esti! | tie eae 
3884.04 ey heer at as, | Se ws is esiahe 
3885.00 4 ©.240 0.243 1.59 AOE E 
3886.72 < oun defers hel aR 1.18 ee 
3890.33 4 ©. 204 0.244 1.94 1.61 
3893 .03 3 OPALO igh Meee Dee ahi) 
3896.29 EAP eee Al cae ot was) ) UNEP 
3897.22 3 OnSTOU i ssrdan 2.04 
3808.15 g Os25O 6) eects 1.38 ; 
3899.30 3 OneS2r Wes 1.85 E 
3900. 33 Gt dl Leach el Wee repay eee Too weak to measure 
3901.30 3 Ons 2O mane errs 2.50 p-component not sharp 
3902.40 3 ORS O045aN ibe. aloe 2.39 
3903.42 3 Oesole || pcecies 2.50 E 
3906.89 3 op ee WE A ens 0 
Ouse |e oe ohne: 
3910.01 i oe oe : ee f Feces Double line —-r 
3010.95 4 0.315 0.116 2.06 0.76 
a eee il Raa: el :2:1; 1 p-component 
3912.36 4 oe Spates’ 0.00 Niti2it; 2 P 
3913.03 3 Chey» || sowed se ‘ 
3014.44 3 Ou230ln |e cree ras 
3910.55 3 Gr 2S Omnis sien: 1.63 E; p-component Wr 
3920.15 3 OVAOS-=|— .eenh 2.66 m-components of this line 
and the following 
blended and measured 
together 
3920.65 4 0.408 0.161 2.66 1.05 
0.48 3-15 
3922.05 6 hee 0.160 fee} 1.04 
3922.58 & On27 Ome lmes erie 2.44 
3924.84 3 OnSOmnll ce ooce 2.19 
3930.19 3 On295m tera ao 
3931.50 3 Nope |e boon 1h 
Aer 2.51 Measured normal and red 
goss :38 : as ; component 
3935.28 3 Crit, || osedc 1.20 ; 
hie. : p-component W;, very 
3930.42 3 °.579 3.74 aba 
3937.68 2 Obie). i eioaos 2.77 
3938.35 3 nH I aados 1.88 
ne al a lees eae em 
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TABLE I—Continued 
KON = +108 
< Come for 20,000 Gausses for 20,000 Gausses Remarks 
ponents 
n p n d 
3939.48 3 OL 4440 |) eee: 2.86 p-component wa, diffuse 
3942.16 3 OF4AON | Cee 2.87 p-component wa, diffuse 
3043-77 3 OWA 2070 etree 2.74 
3950.37 3 OSD ll renters 1.80 
3952.09 3 ©7346 Bilpinaeeme 2122 E; fringed to red 
3963-77 3 2/72 a aictokers 1 Wf Very difficult 
3968.24 vane abana De ese tou staves 
3973-79 3 ©2253) ea | eeee tes 1.60 E 
3979.30 3 O34 Sieta| cients 2.18 
3979-59 3 072720) ee snce T.72 
3980.66 3 02202 Palieeace 1.66 ras 
3084.75 A sista 0.240 TS 2 m-components too weak 
to measure 
3985.90 3 OX20018 |i meoreecare 1.86 aes E 
3988.97 7 ee Pe PRR 0.210 Tears? m-components too weak 
to measure 
3990.71 310) tan. OS mau nee 1.66 
3092.95 3 C2307 Mian L503 
3997.30 3 OF 20 Samii 1.86 
3998.87 3 CHONG Mo Bevo 2.01 
3999.30 3 nee Jaen 1.85 E 
0.43 2.73 
4003.10 6 a 0.367 ane 2.29 
4005.86 3 ONO) oul). eae DOs E 
4017.00 3 On27 Oca ene iy fit E 
4023.50 3 OnsilOMy | enacee 1.92 E 
4031.37 4 ON 30S aml 2.43 2 p-components too weak 
to measure 
4031.98 3 OyZSOUMI wails 2.03 
4035-77 3 O=227p ame ee 1.39 Aer E 
4036.93 4 0.373 ©.242 2.29 1.48 n-components; w.z not 
sharp 
4042.78 3 Os2 Sima metre 1.76 p-component wz: 
4048.77 3 Ons 4 Dan ners 2.08 Red component wider 
than violet 
4051.11 3 Cee Ab Somes 233 Measured. normal and 
violet component 
4051.48 3 Cage Ws oacmo 2.38 Measured normal and 
red component 
4053.80 3 OF 3025 | Mee 1.84 E; not sharp 
4057.21 3 ONSO2 ani unre tee 1.84 
4064.09 & OS20 2410 Uren Tee2 
4005.20 3 Dee Somnlamacee AYA E; p-component wr 
4067.90 3 O53 OO) increas 2.21 Difficult; p-component w, 
4071.67 3 OZTS talline er 1.92 p-component wy 
4090.70 3 Ons saul keri 2.10 Ree 
4092.09 4 0.270 0.283 1.61 1.69 1p) 
4092.54 8 O- 400 Fa ee cie Ps ais eee Components shifted 
0.048 A to red; wz 
4092.83 3 O44 Saranac 2.66 fore 
4093.65 4 0.429 0.414 250 2.49 
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TABLE I—Continued 


h on. x08 
r Com- for 20,000 Gausses for 20,000 Gausses 
ponents Da 
n ? n p 

4004.42 3 0.374 | «...- 2',.23 
4095.64 OSS aT Milly cote. I.Q7 ices 
4097.09 AP |g oreo ©.I9QI ae 1.14 
4008.54 7A es ae 0.396 2.36 
4099.93 3 ONA Sa eee 270 
4102.32 3 Ques irae ete: 1.63 
4104.55 ! Ora OMNI oe 2.49 
4104.92 3 Oca SSahia wee 2.58 
4105.32 3 O.400" | Bees a9) Beckers 
4107.64 rt ME Seer 0.442 ont DAO? 
4108. 36 3 OF230 es |b ek cole I.40 

0.791 4.68 
4109.94 6 bee 0.227 Mien ta) 
41II.g2 S OrAO7r | eerste DVD 
4112.47 3 On944) || oo rae 2.04 
4113.65 & oyeoys il AMaos 2.14 
4II5.32 3 OraOOmn | eet. 2.89 

LU OVAD | | Aeaor 6.20 
arib.04 5 oe Stonsis , ae 
4118.34 3 O2G02 sl eerie 2.14 ; 
4118.73 4 0.425 0.182 Pp oirii 1.07 
4119.58 4 0-390 0.242 Deen I.43 

; eit 

4120.69 6 ey 0.334 aS) OV 

0.810 4.76 
4123.65 6 eet 0.245 an 1.44 
4124.23 4 0.354 782 2.08 TROT 
4128.25 3 Ong Se ailaeratekareas POR AN cao 
4129.00 3 0.149 0.87 
AS22138 3 Gavifer |) annac 2.75 
4133.92 3 yee |" agoer 2.83 
4134.61 3 OPA Ey Near less Dips eae 
4130.25 4 0.346 0.165 2.02 0.96 
4139.39 3 yess Wl Sdn cn 2.73 eke 
4149.02 3 opeitey) Al Sous eicha 2.08 
4150.84 3 O3334. [2 eia: 1.04 
4159.84 1g ty. ate ee aes nee Ae 
4171.45 4 0.419 0.152 2.41 0.87 
4174.18 3 (emery Il Asoge 2.20 Roe 
4177.25 3 OMA OOM MN astarlc 2.64 
4178.50 3 0.306 a Ta Seon 
4179.53 7h VR Se 0.529 eee 3.03 


Remarks 


Difficult; components w; 


n-components not meas- 
urable 

n-components not meas- 
urable 


Measured normal and 
violet component 


n-components not meas- 
urable 


Measured normal and 
red component 
Wr 


See description in text 


W:; measured normal 
and violet component 
Diffuse; measured nor- 
mal and red component 
Components w;; not sharp 


Weak; not sharp 


Outer  x-components 
lightly fringed outside 


Not sharp 


w;; not sharp 


Very difficult; w. 

E; w2; not sharp 

n-components not meas- 
urable; p-components 
fringed inside 
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TABLE I—Continued 
AA 
AX rey ro! 
< Com- for 20,000 Gausses for 20,000 Gausses Remarke 
ponents 
nN ? n D 
4182.23 a Cys Bite We neo ey, 
4182.74 Ths ieee en ees ete w;3; not sharp 
4183.59 3 O73 008s eaauee 2.06 E 
4IQI.70 4 aa ae a N 3:2:3; I p-component 
4197-77 3 0.340 | --+:: 1.93 
4202.52 3 Wea Ib id coc 2.24 E; wr 
4204.67 4 Ov524, |) sneer 2.96 Weak, not sharp, wa 
A205 23 3 ONSB 29 4|Matagnclse 1.88 E 
4209.98 4 O,4 800 ||) Gee Pegi p-components not meas- 
urable; w;; not sharp 
4224.30 3 OnSOLE WW Me see 2.81 
4225.40 3 Os, 20300 le alates Te A E 
4220.78 B CPO) Pe camc 3.02 Weak; measured normal 
and violet component 
4227.90 8 Ol S SAM metetedsy 1.87 
4232.20 B Ond'S Ts lnncener. Zab E 
4232.62 B OAS Tin lace ccneee Dheylae, 
4233.09 B OuATS ee rvarae 222, 
4234.12 3 foyecholoynra\te mie. crake 2.01 RES aS 
4234.70 4 ©. 328 0.185 1.83 1.03 | Not sharp 
4235.90 3 prey | als c °.71 
4243.10 3 OLB20. |) oeosx 1.81 E; not sharp 
4247.46 3 OnAO8s ae aie 2.60 p-component w2 
4254.55 2B OLABS etna 2.40 
4257.53 3 OS Ota lee ycnal ee 2.85 
4259.40 3 Gavan ||) so car 2.29 
4262.32 3 ONS33" wile ches 2.04 
4265.28 3 OeZO5) oh a ac oh Pei 
4267.50 3 O52 OM nar 2.89 
4268.78 a OvADAT || eeaca ae 2D Pi 
4269.92 Bel OWORI | co omde 3.68 p-component w; 
4270.49 R On 47a wees 2.45 
AGG Gi 3 Ons Odi a Male rents 2000 
ADAG DP) g Releevefoy mull ahig ois 1.80 
4284.19 3 Orf2:38ihsu| Miers eneye 1.30 
4286.57 3 OL 5 20mm | uae ees 2.83 Difficult 
4287.07 3 Rte I) Manes sc 2.10 
4289.89 3 ONS 72a used 2,11 p-component diffuse 
4201.07 3) OnsS Tae len 2.07 
4296.28 R CEEGy I UN  Wonshcke 1.92 
4297.86 3 Ons2Om I eerie 1.78 
4298.17 3 Os2088 Nae cne 1.61 p-component w, 
4302.30 2 O53 200 euerne 1.78 
4305.63 & OE4 TL Biter eta: 0) OX; 
4300.35 3 e523 luce: 2.82 
4307 . 33 3 015 2 °C a egeneucee 2.81 w2; diffuse 
4309.95 3 OV ie HE, Ukr 8 D7) 
4330.18 3 OPT AR Tas We see 0.76 
4332.98 3 Oe SHye ll Seo neo 1.88 
4341.25 3 OFA ON nee 2.28 
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TABLE I—Continued 


.67 
.30 


63 


.08 
1G: 
32 


41 
74 
86 
aut 
.68 
95 


Com- 
ponents 


W 


AA 
for 20,000 Gausses 


for 20,000 Gausses 


AA 
we 


+ 08 


PRBRWW UH WWWW WW WWWWWWW WW HWW 


=F 
n p n v7 
ON 325 ant ge a BS) 
OR sOG Hee eens 1.61 
Ont GU i || arene 2.48 
O22 3 ee| ees DO 
Or0LS 6 Wee eters 3628 
OrSOO8 H) vas si 2.04 
OPLOL=3|) faces I.00 
OEsOOm We rar. 2.94 
OFS 7 ile oepecstere 297 
ON SOS |i eres: 2.08 
OS300 ue mman sare 2.07 
ORs80r |) hati. 2rO2 
Or440) Ul are. 2.34 
Os ASF misses Dro Xe 
Oz42Q8 |) earns 2238 
OzAOS"@ eae 1. 2.10 
OVO2 Om ile eee Ato |b on kn e 
Cee Wl Boose 1.80 
OEzOO meena aes 
Os3 TO)" merce 1.60 
0.785 { 4.05 
0.000 4 0.00 tees 
Orage ss alle cya. Do ey ~, 
OS208 5s ere es ae) ; 
Ous3 7a | menseres Qj Coen: 
0.573 0.228 3.09 7) 
Phe se 0.329 Syste 1.69 
0.676 ee 
eet C247 50) 2.48 
DeOsOe erie 5.40 
I. FLO 5.69 
ee 25439 ee 2729 
(CHCROn Mh ae aan Bee 
ORSOA Ni iecke tere Bb Sa] 
0.408 | eae, 2.09 
0.374 | «+s: 1.91 
OEY MN nob pe 3.72 
OnO7 7 aml iecsitel- 3-45 
CAOny |b Sance Bod 
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Remarks 


p-component diffuse; 
difficult 


p-component w; 


p-component wy 


n-component Ww, 

Very strong, w; 

Measured normal and 
violet component 


Very strong, w; 
W2 


Difficult; p-component w2 


WAST 


p-component diffuse 

2 strong p-components —r 

w2; not well resolved 

n-components _ blended 
with near-by lines; 
very strong, w2 

NM %1:2:2:1; m-compo- 
nents shifted 0.09 
to red; w. 

p-components w3; not 
sharp 


NM 2:1:1°2 


Probably double line; 
components blended; 
difficult 

See preceding line 

Very weak 


p-component Wz 


p-component wW.; not 
sharp 
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TABLE I—Continued 
AA ~ + Io8 
‘ Gomme for 20,000 Gausses for 20,000 Gausses Recinike 
ponents 
n ? n 4 
0.68 ONQOONs| |i ebertors 4.58 abe ; 
fuse On 425i ll i eeromeee 2.16 soit Diffuse 
4436.31 6 ae 0.189 ne 0100) | Ste aes ak 
4438.02 Buel Toad Il sectc 3.02 ee p-component w; 
4441.88 4 0.641 o. 206 3.25 1.04 | Wr 
4443.52 3 0.3670) teeieeer 1.86 .... | Measured normal and 
red component 
4444.40 4 0.768 0.282 3.89 1.43 Wr 
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TABLE I—Continued 
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TABLE I—Continued 
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between A 3850 and A 4800 the average is 2.17, which is the same 
as the corresponding quantity for chromium." As in the case of 
the latter metal, so for vanadium, the values of AA - 108/A? for 
the triple lines occur in two main groups, of which one is much 
larger than the other. The first column of Table II shows a series 
of intervals in the values of AA - 108/A?, while the second and 
third columns contain the numbers of values occurring in the inter- 
vals. The enhanced lines are given here separately in order to 
show that their grouping is not peculiar. 

The average of all the values lying between 1.40 and 2.50 is 
I.99+0.o011, while the average for the second group, between 
the limits 2.50 and 3.20, is 2.78+0.012, the appended quantities 
being probable errors. For the enhanced lines the average is 
1.95. Although the mean for the enhanced lines should be com- 
pared with the mean of those not enhanced, rather than with the 
general average, it does not appear that the enhanced lines are 
distinctly different from the others in their magnetic separation. 
The same conclusion was reached in the case of chromium. 

For 46 quadruple lines the average value of AA - 108/A? for 
the m-components is 2.38, for the p-components 1.45. 

There are a few peculiar lines in Table I to which attention 
should be called. The first is A 4116.64, which has four n-com- 
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ponents and only one p-component. The outer 2-components 
show a very large separation and are shifted (by a field of 20,000 
gausses) 0.033 A to the red, while the inner pair are shifted 0.041 
A to the violet, the mean position of all four coinciding with the 
normal. AA 3912.36 and 4191.70 each have three m-components and 
only one p-component. A 5170.15 shows only one m-component, 
but two p-components—if other components exist they are very 
weak. A 5761.70 is an interesting sextuple line having two widely 
separated m-components and four p-components. 4 5776.95 is 
a quadruple line of which the p-components are more widely 
separated than the z-components, in the ratio 4:3, while A 4640. 25 
of the same type has its p-components twice as far apart as its »- 
components. 
TABLE II 
DISTRIBUTION OF TRIPLET SEPARATIONS 


NUMBER OF VALUES 


AA 
INTERVALS IN wae Id 


Not Enhanced Enhanced. 
0.60-0.80 2 
o.80-1.00 2 
I.00-1.20 4 
I.20-1.40 7 I 
I.40-1.60 II 3 
I.60-1.80 oy 5 
1.80-2.00 59 9 
2.00-2.20 67 2 
2.20-2.40 38 4 
2.40-2.60 17 2 
2.60-2.80 27 I 
2.80-3.00 28 
Be00—3020 6 
3-20-3-40 5 
3-40-3.60 4 
3.60-3.80 2 
3.80-6.20 5 


For lines having more than three components various ratios 
of separation occur. These are collected in Table HI. Ciphers 
in this table indicate central components coinciding with the 
normal position of the line. 

The order of the ratios in any column corresponds to the fre- 
quency with which they occur, the most common ratio being at 


the top. 
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TABLE III 
Ratios OF SEPARATION 


Total Number of Components 


4 5 6 7 8 10 12 
eT Os2s5 L223 Oss cA SO smear oer nkO Crier ea mer a Orem 
eiOnt Our B28 
I: Dey 
533 1:3:7 
B 2 LORS: 
3:4 BBR 
D2 2s 
1:4:6 
I:5:6 
23h 
2:5:8 


My thanks are due to Mr. King for supplying two of the photo- 
graphs used in this work, and to Miss Griffin for assistance in the 
reduction of the values. 


Mount WILSON SOLAR OBSERVATORY 
March 1911 
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THE INFLUENCE OF A MAGNETIC FIELD UPON THE 
SPARK SPECTRA OF IRON AND TITANIUM— 
SUMMARY OF RESULTS 


By ARTHUR S. KING 


The purpose of this paper is to give an outline of a detailed 
study of the Zeeman effect for iron and titanium carried out in 
the Pasadena Laboratory of the Solar Observatory, which is 
being published in full under the above title by the Carnegie Insti- 
tution of Washington in Vol. II of the Papers of the Mount Wilson 
Solar Observatory. 

The range of wave-length covered is from 4 3660 to about 
A 6700, slightly beyond this for titanium. Between these limits, 
662 lines in the spark spectrum of iron and 458 in that of titanium 
have been treated, at least to the extent of describing their type 
of separation by the magnetic field. 

The spectra of both iron and titanium have been investigated 
previously to some extent. Measurements for portions of the iron 
spectrum have been published by H. M. Reese,‘ N. A. Kent,? W. 
Hartmann,3 and Mme. H. B. van Bilderbeek-van Meurs.4 These 
measurements are confined for the most part to the blue and violet 
regions and cover only the stronger lines. For titanium, extensive 
lists have been published by J. E. Purvis’ and by the author.°® 
The former list is mainly for the ultra-violet, including the stronger 


t“ An Investigation of the Zeeman Effect,” Astrophysical Journal, 12, 120, 1900. 

2 “Notes on the Zeeman Effect,” Astrophysical Journal, 13, 288, 1901. 

3 “Tas Zeeman Phaenomen im sichtbaren Spectrum von Kupfer, Eisen, Gold, und 
Chrom,” Dissertation, Halle, 1907. 

4“Magnetische Splitsing van het Ultraviolette IJzerspectrum,” Dissertation 
Amsterdam, I909. 

5 “The Influence of a Strong Magnetic Field on the Spark Spectra of Titanium, 
Chromium, and Manganese,” Proceedings Cambridge Philosophical Society, 14 Go} 
41, 1906. 

6“The Zeeman Effect for Titanium,” Contributions from the Mount Wilson 
Solar Observatory, No. 39; Astrophysical Journal, 30, 1, 1909. 
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lines. The present investigation includes about 50 per cent more 
lines than the previous one by me, the data being compiled from a 
much more extensive set of plates, taken with higher dispersion 
and stronger field. The gain in all points is so great that these 
measures may be taken as superseding the former list. 

The weaker lines in the two spectra have been photographed as 
far as they were obtainable, an object which has added to the labor 
and altered to some extent the experimental methods which would 
be used for the stronger lines alone. The tables for titanium con- 
tain all but the weakest of those lines given in the regular lists of 
arc and spark lines. As much cannot be claimed for iron, however, 
as numerous lines, fairly strong in the arc, are not brought out by 
the spark in the magnetic field even with an exposure of many 
hours. This is especially true of those lines of diffuse appearance, 
which are particularly numerous in the iron spectrum. 

The publication summarizes the theory and the results of former 
investigations on the Zeeman effect so far as they apply directly 
to the present research. The apparatus and experimental methods 
are described in detail. The spark was given by a 5 K.W. trans- 
former, the terminals being held between the poles of a Du Bois 
electro-magnet. The light was usually taken at right angles to 
the lines of magnetic force and passed through a Nicol prism placed 
above the slit of the vertical Littrow spectrograph. By rotating 
the Nicol through go°, the components given by light vibrating 
parallel to the lines of force and in a plane perpendicular to the 
force-lines were successively photographed. A variety of field- 
strengths were used, sometimes slightly over 20,000 gausses, but all 
values for the tables were reduced to standard fields of 16,000 
gausses for the iron spectrum and 17,500 gausses for that of titanium. 
A system of checking the field-strengths for different plates, some- 
what difficult in the case of iron, was carried out, so that consider- 
able confidence can be placed in the uniformity of the field for all 
parts of the spectrum. 

The Littrow spectrograph was used with objectives of either 
13 ft. (4m) or 30 ft. (9.1 m) focal length, the third order of the 
plane grating generally being used at the shorter focus and the 
second order at the longer. Scales of about 1.3 and 0.95 Angstrém 


84 


ZEEMAN EFFECT FOR IRON AND TITANIUM 3 


units per mm, respectively, were obtained for photographs with the 
two arrangements, but dispersions as high as 0.62 and 0.44 A 
per mm were occasionally employed with higher orders of the 
grating. 4 

The photographic processes were adapted as nearly as possible 
to the somewhat conflicting requirements of speed, moderately 
fine grain, contrast sufficient to give sharply defined lines and still 
not such as to give too large differences in intensity between the 
stronger and weaker lines. For the most part, the Seed “27” 
plate was used for the blue end of the spectrum, and for wave- 
lengths greater than 4600 the same plate was sensitized by a three- 
dye bath. Regions of the spectrum containing a wide range in the 
intensity of lines often required special treatment both as to instru- 
mental and photographic methods. 

In the measurement of the plates, I am indebted to Miss Wick- 
ham and to Miss Griffin for much assistance. 

In making extracts from the tables, there is no criterion which 
makes a certain class or type of lines of special importance for a 
summary of this sort, so the method adopted is to take the descrip- 
tions of lines for various short stretches of wave-length bodily 
from the complete tables. These regions are selected to represent 
as well as possible the types of separation occurring throughout the 
two spectra. Each region contains a number of strong lines and 
includes some complex types of separation. The change in average 
separation with the wave-length may be noted by comparing the 
general magnitude of the measurements in successive regions. 


EXPLANATION OF THE TABLES 


The letters 7 and p in the tables are used to denote the Zeeman 
components given by light vibrations in a plane at right angles to 
the lines of magnetic force and parallel to these respectively. The 
wave-lengths are on the Rowland system. The second column 
gives a rough value for the intensity of lines in the spark spectrum, 
taken partly from the tables of Exner and Haschek and partly 
estimated on the same scale from my plates. Weak lines are 
graded 1, but there is a considerable variation in the strength 
of lines which are given this value. 
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The third column gives the best judgment of the type of separa- 
tion that can be made from the photographs. The description given 
must be considered in connection with the measured separation 
and widening of components given in the columns for AA of the 7- 
and p-components, and is usually made clear by these. Frequently 
a supplementary remark is needed in the case of complex lines. 
The interrogation point is freely used to indicate that the line is 
probably of the character given, though not clearly shown to be 
so on the plates. The reason for doubt is usually given in the 
columns for AA. Thus “‘triple?”? means that the p-component 
is slightly widened and may not be simple, though the widening 
may be explained by the strength of the component or by the fact 
that the no-field line is slightly diffuse. ‘Quadruple ?”’ signifies 
that the two x-components are fairly sharp, but the p-component 
is probably double. The doubtful sextuplet is very common and 
as a rule has its two m-components each widened so that there are 
probably two pairs, while the p-component is either distinctly 
double or unresolved and considerably widened. The questioned 
septuplet has almost the same appearance, but shows a central 
maximum to the widened p-component, indicating three constitu- 
ents. Lines whose u-components shade off either outward or 
toward the center are given in the “‘ Remarks” column as “‘ fringed.” 
The fringes indicate very close, unresolved components. If the 
structure of the line is very complex, an interrogation point is 
used without any attempt to give the number of components. 

Although the character of separation is thus doubtful in many 
cases, the large number of plates from which the material was taken 
gave an opportunity to study each line under various conditions 
of intensity and degree of separation so that the classification as 
to character is probably as accurate as can be made without very 
much higher field-strength combined with as large dispersion as 
was here used. 

In the fourth column, lines are weighted 3, 2, or 1 according as 
the quality of the components for measurement is good, fair, or 
poor. Weight 3 indicates that the components are sharply defined, 
the probable error of measurement being in the third decimal 
place, often not greater than two or three thousandths of an Ang- 
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strém. Weight 2 is given to lines which do not permit such close 
measurement, but which as a rule have a probable error not greater 
than ro per cent. Lines weighted 1 are either very faint, much 
disturbed by blends, or*of such complex structure that the com- 
ponents are very diffuse. The error of measurement for such lines 
may be large, but the figures given show whether the line is to be 
classed as having small, medium, or large separation. When both 
the m- and the p-components are measurable, the weight for each 
is given, separated by a comma. In case only the p-component is 
measured, a dash before the comma indicates the omission of the 
weight for the 2-component. 

The fifth and sixth columns give the separation in Angstrém 
units of the m- and p-components respectively. A single value 
denotes a pair of components. When there is more than one pair 
for the same polarization, the largest separation is given first, but 
the innermost pair is designated as “Pair I.’ When an odd num- 
ber of m- or p-components is present, any outer components that 
may appear are measured from the central component, the latter 
being denoted by 0.000. The relative intensities of multiple 
components are indicated by figures in parentheses after the value 
of the separation. 

The widening of individual components, which often denotes 
a blend of two or more, is indicated by “w” with subscript 1, 2, 
or 3, according to the degree of widening. The letter “‘w’ in the 
p-component column shows that the unresolved component may 
not be single. If a measurement followed by “w” is given in the 
n-component column, a more or less diffuse pair is present, which 
might be resolved by higher field into two or more pairs. 

The letters “‘n.m.”’ indicate that a separation exists but is not 
measurable, generally by reason of faintness. In such cases it is 
usually possible to tell the character of the separation with fair 
certainty and the line is included on this account. When the com- 
ponents are hazy as well as faint “‘n.m.w.” is used. 

The seventh and eighth columns give the values of AA/A?, the 
positions in the column corresponding to those of the values of Ad. 
When 2 is expressed in Angstrém units, the values given for AA/2? 
are to be multiplied by 107°. 

87 


ARTHUR S: KING 


LYLE axedurod *JUIY 
ynq “‘sduroo-¢ € Ayjuered 
-dy ‘sdutoo-u b Ajqeqorg 

gbo' gglt 
siedwmog ‘ArjourWAssIp 
quoredde 3ura18 ‘sduros 
-u% pol Jono pur [eq} 
-ued uo pesodisdns aie 
(S19 ELE poyndutod) 
pel 0} oul] JuTey Jo ‘sdurog 


‘sdutoo-¢ € ATqr 
-qoig ‘pesury ‘sduros-1 


SOUT] JUIEJ YIM pusrg 


“sdur09 
-¢ © Ajqeqoig ‘sesuLy 
Iouur osAey ‘sduroo-u 


yaeds ut qure,y 


SHUVNAY 


096°z ; (1) S1v°0 
@eey7ey || 979% (1) 000°0 
QIO'Z% | 19Q°z (1) £gz°o0 zm 10bv'o tt 2 ajdnydag I 
yarn let sex ozS'‘1 see (S) CIzZ‘O 
edna 66L°0 (Z) Z11°0 
gSL°0 | 000°0 (z) gor’o (@) 000°0 
000'0 | zvL‘o (€) coo (z) Vor-o 
glo | vert (z) Loro (¥) goz"o ome gjdn}909 9 
Sg aaa) Igv'1 Eig Loz'o & qiduy, | 2 
Poe QIg ‘I ANN ™™ bSz'o z egjdnjdag | 2 
o61'r | Hgee (elope) ™ zlvo ZZ 2adnipengd) | 1 
seats ZEC'S pas o1f'o z gjdiy, | ol 
his hs Teen een h eis) 98) 8 € (Z) gsro 
SyeLs sie 000'0 tease (€) 000'O 
TS Caley Cea ZEL*O (2) 4Sr°0 one gjdnyum() | © 
sips S98 °2 sevice 66€°0 € gjduy, | @ 
S20) 6 re boz'l aed 5 gf1°0 I ody, I 
Serie es 1Svz TA ™ IVE°O I egdiy | 1 
eg QRez ZA TM QIE"O z dgjdnqjdeg | S$ 
ey an) S¥g°1 PPC Sey gSz'o ¢ gyda, z 
Oo ove Srl-o eae Mekcw ite: (z) £or‘o 7 wed 
tees AAs ti 6 6 om (£) Liz °O Sie 

A vee 'z (1) ‘uru ‘fT meg (SP Ees One aed, 
Kei7ran || vases || (S) Sure ap anear || (@) Snir SipakeeT || ee ‘sduroo zi | Vv 
Chao oz6't se eee 99z°0 i gyda, I 
duiod-¢ | -durod-u syuouodui0g-¢ syusuodui07)-u 

Ee aeie cae eee 
X/XV YV 


Sole CHC 1Sz 


“PYLE 


“EpLe 
“gELe 


OLS 
“GELE 
oS 


EINES 
AIS 
ToL: 
“ofLE 


Niels 
“VOLS 


BCOL 
ECOL. 


Noa] AOL LOA NVWAGZ JO SINTWAXASVAY 
I aTavs 


88 


ZEEMAN EFFECT FOR IRON AND TITANIUM 


Peajosel JON ‘asnyIp 
‘sdumos-% ‘sduioo Aue 


-duzoo-¢ Jo uon 
-eiedes opty “qurey AOA 


qurey ‘sdut0o-¢ 


yaeds ul jure 


pusyq JO soueprAe 
ON ‘qe[d1} [eoujoururAs 
-un se sivadde ‘dwoo-u 


yaeds ur jure7 
% 


peajosel ysour 
-je ‘sduioo-¢ £ Alqeqoig 
POUL St 
giour + ‘sdui0d “VOLE 
se adh} owes Auoreddy 


‘sduioo-¢ € Ajqe 
-qoig ‘pesursy ‘sdu05-u 


(1) 1vf'0 
(Z) 000°0 
(1) goto 


O77 * 


° 


‘uu 


[elles 
bre: 


O° 
° 


‘wu 


622° 


(I) vLz‘o 
(1) SVS'0 


(1) Ior’o 
(£) gzz"o0 


(¥) g1f'0 $ 


0000000000000 


e) 
‘T ued 
‘TT weg 


7 meg 
TI wed 
II ed 


elise) 


NAMA HH MMOH 


gid, 


é 
2 [dry 
gd, 


¢odnipend 
dad, 


ajdnjz.x9g 
pepoyeuy 
aid, 
aidizy, 
poyoyeuy 
Belong 
Blea p 


2 oydnzum() 
adr, 
afdizy, 
a{diry, 

2 9duy 
¢ 9d, 
gid, 
gdiay, 
2 ojdnapen() 


2‘sduio0o 6 
2ojdnqdag 


popoyrug, 
2o[dnydag 


soars 69S OLLE 


eee eee SLE°QSLE 
ea ce: LOSE SLE 
pe a Igo LSLE 
eee eer} €1z'oSLE 
Wish [stele Gel OGLS 
er ecai at aie fg 6PLE 


ure nde cY re 


ARTHUR S. KING 


Pedposear ysouye ‘sdwi0o-u 


‘sduroo-¢ £ Ajqe 
-qolg ‘posury ‘sdu0s-u 


‘sdutoo-¢ + ‘-u g Ajqeqoig 
*sduioo-¢ £ Ajqe 
-QOlg  ‘pasuriy ‘sdwioo-w 


gos Erle 
jo ayeoydnp onouseyy 


asnyip ‘sduros-u 


SHUVNAY 


ogl'o | 18€'¥ 
evigeaieye gzS'1 
ay Pa Jar) VELIO 
o9Z*o | 000°0 
000'0 | £SL:o 
velo | 16v'1 


‘duio)-¢ | ‘dwog-u 


sjusuodw0)-¢ 


(S$) Sgz"o 
(z) oSS‘o ‘Ty meg 
(1) og4 ‘0 “TIT meg 


co 
a 
Vey 
o 0 0 660 6.0 6 


™™ 


ie) 

im 

a 
OVO\O-OR 0.00: 6 


‘T meg 


(v) 61z°0 


syusuodul07-u 


X/XV 


XV 


CLC 


MAH OMAN os 


MAN MMOH MAN iN 
N 


N 
N 


LHOIT 


29[dn}xag 
gid, 


29fdnydas 
gidiy, 
afdiry, 
¢ofdiny, 
gidiry, 

By eleag 
gfdizy, 
¢*sduioo zi 


¢9fdnydag 
gfdiry, 
afdiry, 
afd, 
gdp, 
adi, 
gpdiry, 
el eleag 


‘sduroo 6 


gjdn}09 


pepeyeuyQ 
¢ diay, 


NOILVAVdaS 
10 YdLOvVavHD 


mw 


Lan 


OOF HH OO 
Lal 


SHH HHH HOO 


a LOS LOsy. 


Heese SoS ‘zgzv 


Pietra te tery. rt zzi‘Lozv 
2 a OVOOOGV. 
pest: Sv6:oSzP 


6) 6 whee Lgz‘oSzv 
nat aan iva ge . over 
Deets 16S ‘Lvzv 
Seep ran Sz‘ okzy 
suEeny rs zevSbzv 
preety vio‘ obey 
eevee 016° gtzr 
ae acele ZI‘ g¢zy 


C8 hve) ein ZlLL‘CScv 


(MLB EN IAL GRE 


go 


“sduroo-¢ £ Alqeqorg ‘so$ 
“UNF JOUUT aaey ‘sdur0s-4 


que 
Soul] Jua.e[pe 


qW4  pepugq = -sduroo-4 
aul] poourguy 


pesurry ‘sdur0o-x 


aq Jury 
peoueyua se ToAYIOT 
4q aaa mq “49 aq 


Av ‘sduomd ¢ Ayqeqoig 
Soul] Ie YIM puarg 


oul] psoueyury 
oul] poouryury 


(I) S10 ‘Teg 
(1) z€v-0 Sill eg 


“M QEE'o 
Sgro 


Sg 


"ON AA 


adnyxag 


¢9fdnjzdag 
¢ adiay, 
¢9diry, 
afdiay, 
apdrzy, 
g[dizy, 


aduy 
a[dnapene) 
gdp 
gdp 
sduy 
afdiry, 


é9[dnjdag 


é 91dnjdag 
adr, 
€9[dnjzxag 
gfdizy, 
adi, 
adiry, 

¢ 9[dnjxag 
afdray, 
adrzy, 
¢9}dnapen¢) 
¢9[dnjxag 
odiry, 
adizy, 

¢ dtr, 


"" "906° 2Sep 


of6 1S 


I 
Cai ee Szl-obey 
e 


gl 


ARTHUR S. KING 


Io 


asnyid 
osn ytd 
osnygiqd 


apisjno *sduros 
-u red pir Alqeqoig 
asngiq 


*sduioo-¢ € ‘-u g Ajqe 
-qoig ‘pesuiy ‘sduroo-w 
SMUT 
SSCL 
oul] Surpsdeid YIM pus[_ 
asnyip AroA “sdurod 
quiey AIO A. 

9 ysvo] 3e ATqe 
-qoid ‘peimyq ‘sduros-u 


‘sduroo-¢ € Ajqe 
-qoig ‘pesuiy ‘sdui0s-u 
JQJOLA Wey} J03 
-uoys ApYysys ‘duioo pay 
dU] JO JoJOvIeYD 
0} onp oq Avur ‘sduros 
osngiq ‘oul; paoueyUy 


SHUVNAY 


Qge 


seees | orger 
HER TA 
CSEAE 


TAA 
1M 
TM 
(Z) 1z1°0 
(€) o00°0 
(Z) 411-0 
TM 


‘dui0y-¢ | ‘dur0og-« 


syuauodu07g-¢ 


Xx/XV 


RW: 


™™ g6b'o z sayings, i Se |e S25 062 rzvs 
™ O1S'0 z sejelagi | Sf — laoeese giv Sivs 
™™™ SEv'O z Hayle, | & eecces bver11vs 
(vy) zzzo “7 meg 
(1) 19v'0 ‘Jy weg | 2 ‘2 Hesxetiews O || @ || 72 >< 636° Sovs 
™ Lovo z Meayelegg |p Pee LSE: vovs 
zm O£9'0 oz Aa Ghar || Gy |e- 2° bre LOes 
£19°Q z e\Olegpe |, ee ecto es SLE e6ES 
Im Ogv'O € HaGlagi, | vw leone gl eges 
zm €1b'0 z ArgzeluiwsyO | Gy |j"e2* VEL Iles 
9Sv'o z OLCUIT eee lee eee ggr oles 
viv'o z Peeleg pat ae eee eee 699° L9ES 
1lv'o I aoiigp, || a jpeeees 96S SgeS 
zm SE°o ii 2 9ydnjzxes Tal (ah tae eae 690° S9eS 
uu ee Of CLs eet oilesren & TLS eesed 
£m ggb'o Gal é Sop Pa aces €1z-1veS 
+499°0 z TCI ee Cote ered Iz1‘oves 
ZM Qgv'o @°% NO|OM PROS aca Ulli ace al 969 gzeS 
™ oLb'o Z sieyrohiureeys\ || 74 (jPee oe gfe gzes 
grg oO € ayia |) Sf  yiaPeee. ELE vees 
™ SSV'o z sealer az “|eense 064‘ 91£S 
z£g'o £ aida, Cee oe ogh zofs 
€zg'o € gid, pak ae ipesnae Z0Q*£gzS 
syusuodul0d-4 
SHOTEAN| gq yarovaVED | -NALN] 


penuyuoj—J ATAVL 


g2 


If 


ZEEMAN EFFECT FOR IRON AND TITANIUM 


aul] pooueyug 


asnyip ‘sdwod 


qUIe 
quIey 

[eee 
Te EMS puta Oo 
peajoser ysouye “dur0o-¢ 
asnyip ‘sduroo-u 


sul] psouryuy 
asnyip AlaA, 
que y 


w 
[eulIou WOT; per prem 


-0} y 600°0 pooeydsrp 
qojdiy-u jo sult [eayueg 


peajoser Ajareq ‘sdur0o-2 
UO) 


‘sduroo-¢ sed sJoUUl 
yeom Ajqeqorg “sduroo 
-u sired b Ajqissod 10 ¢ 


Li1o'1l 


Q 

° 

ie) 
HAAARHAH MAN 


(1) gzz'o “J weg 
(9) 44b°0 “Ty seg 
™ 


oof a 


™ QS6'0 
Im 7vO'1 
1m Soz't 
Lolo 
zm 166°0 
€gS-0 
(1) g6L°0 “Tae 
(1) fo9°1r “TT aed 

@M Q7O'1 

1vS'o 

Uru 

Uru 


o6S "1 

2m SzL‘o 

7M UU 

614'0 

Z1Q° 

2m ObQ° 

L10° 

bSq° 

as 

(1) Sve: 

(Z) 000° 

(1) Lbe: 

(1) O1z-o ‘7 seg 

(2) 4Lv'0 ‘JT aeg 

(z) 1040 “TTT Wed 

(1) vlg'o SAT reg 
Siva 


oco0ao oH OO 


2odnyxeg 
¢odnjxog 
2apdnyxag 
aid, 
2 a[dnzxoag 
aid, 


9jdnjzxes 
¢odnjxog 
aida, 
aida, 
dy 


aida, 

2 9[dn}xag 
2 9fdnjzxas 
2 9[diy, 
ajdnipeng) 
2 9fdnjzxas 
é9[duy, 
a[diy, 
gydtay, 


aydnjqumed 


*sduroo zr 
¢ diy, 
pspoyeuy) 


e'sduoo Or 


HM HOR HN 


HH INH H 


WMH HHHHHH 


ziseng ogf S1z9g 


a alive xeahe br: £1z9g 
Bea LzS°00z9g 
9099 SPADE TTON KG) 


ace Cer O1Z  QgIg 
see eee oz ogig 


CWC eC gro . IvIQ 
see eee 6zg'9£19 


Cece ae htt oft‘ Lvrs 
sh 7265¢- CPPS 
sie obl bers 


93 


ARTHUR S. KING 


I2 


} 
‘sduros 
-€ sop € Ajqeqoig 
‘pasulyy Ayyysys ‘sduroo-w | --* °° gso'1 eM TM Z7OQ°O z qoydnsdecs|— sO) leks Liz‘ oovg 
Se ae oti ns £0S°0 z qduy | 8 "== >* 07g £69 
aul] psouryug | --* OVISTs See: tov'o I ey (clan pole oe aN gS6ogto 
VULCT ATO Nee = Svg°t ™M tm Obl -o I 2 afdn}x9S Sad ec 36g °gSto 
TUTE TAMAS Ay eee ROSMT TN me amt ofL‘o I G)GUEG pel etunceuin 2° ghz SS€o 
GRIESE 
‘duroo-¢ ‘quiey AToA | * °° gi6"1 ‘wu ™™ ILL°0 I AO {ONTXO Cs Toe |e Ile veg 
JUIey AIDA Sepak. te epee ee Be an ok aera ce ‘UU oe 29[diy, feel pCa 960 . 6£f9 
ous eps s oSf'z Porte jeri (1) 9t6'0 oT Weg 
VLS°I | 9g0'°¥ zfg'o (1) 1¥g' i ‘Jy meg | z ‘z e\(elanerern, EF frees oe gro Leto 
‘sdutoo-¢ € Ajqeqoig | «°° gSg'I ANY tm $Qg'o z FRAY GLIBC EIS Mem [eg VSS SEEO 
AUUCIE CE Ne || ae gro*z TM ZM O7Q'O I GOTANIKSG GIE= Es = {| ee Lgo°1ffg 
Sin: CLOG bibs see. $96°0 Zz dia, I LET P PK A) 
eee AM wat Sy zSv'o z qduy | ¢& OCC eGheO 
aul] psouRyUG “poayosor 
ysouje <“dutoo-¢ “qureg | o°* 1£z°Z 2M ™™ 900°0 I OTUMIXIS S| 5 b= £18 S1f9 
as Lov ae gig‘ z g{diy, I aa OOLSTOLO 
g[qnop Ajqeqoid ‘sduroo-u | Lg6°0 | glg-z z6£'0 zm €9O'T GEG BO [GNAKO Gs |e = alles gil‘ 10f9 
We cagcetye > Glare ite iaaate fu ZM UU -- 2 apdnjzxes I see ‘Loo’ g6z9 
es zgs*z 7M VIO'L I 2 adn} x95 I fa OLatOC 
qUIe] AIDA Peto Ur er ieee e toe dor far IM “Uru te 2 oidiy, To eer cbr: olzg 
gol‘o | 69h°z glz‘o zm 696°0 z ¢9dn}xa¢ Nate ee gre: Sgzg 
asngip Aran ‘sduioo-u | gli-1r | «°° 969°0 EM Uru z f 29dnyxag | ee zlS‘9Szg 
pe ease vev'z Ree zS6°0 © gidiry, |r ee OSU arco) 
SSS gor Poy zgS'o £ ada, ¢ IS SADT AS) 
‘sduioo-¢ © 
Ajqeqoig ‘asnygip Ara 
‘sduroo-u aul] poouryuq | -** gilt eM 2m ol9°0 is ¢ajdnydas mek leet se vLL Lvzo 
‘du0g-¢ | ‘duiog-u sjusuodui07-¢ syusuodui0)-u 
soma I gs Se 
N/XV YV 


HOE REI IA GAR Nb, 


94 


T3 


ZEEMAN EFFECT FOR IRON AND TITANIUM 


SRS €LQ°1 TAN tm SLL‘o z 2 9fdnjzxas es O0OPLETO 
cette gov 'z esha £06°0 ¢ aida, a EOL Senz.VO 
aul] psouey 
“uy ‘osnygrp ‘sdureo-u | -:°:: ZOQ I 7M 7m E¢L°0 I SV Olbae || gf aceso- 691 oztg 
aul] peouvyuy ‘osnyrp 
AtaA ‘sduoo-¢ pue -u|o'°: eLv-z EM 7M QIO'L I Cee ue el et Veaconas €€1-Lrb9g 
‘sduioo-¢ © A[qe 
-qoid ‘pagutzy ‘sduioo-u | «°° °: 899 ‘I aN 7M 9890 z cotdng docs |S eer Sog 119 
psoeds SOLON eres (1) 6¢£'0 
Ayjenba ynoqe ‘sduroo OOOJOM anal? (Z) 000°0 
u yeah » Atyusieddy | LEg:o | «--°: (1) £v£"0 “wu zs AG)EMMGS jf ae) Poo ca es ££z%° go0rg 


ARTHUR S. KING 


T4 


(S) Sh1-o 
(1) 26z°0 “TT meg 


‘T ued 


190 


of%"o0 
(1) 0zz'0 
(Z) 000°0 
(1) 1220 


ZM VQz'O 
1) VO aT) AVEC 
z) gofo “TI seg 
z) €vbv'o TI] seg 
1) 9g8'0 ‘AT aed 


ZM gIS"o 
7M 1cv'o 
ZM OOV'O 

990 

vvz'o 
(v) gro 
(Z) g1z°o 
(1) 000°0 
(Z) g1z°o 
(v) vero 

voto 


syusu0dui0g-# 


Soro se eee (Z) 9g0°0 
eorrjouruAs 000°0 | ¥g4°o (€) 000°0 
-un Apouystp ‘sduroo-¢ | Sz€'o | ogs-1 (z) ogo"o 
oul] poouryug wis? aiesiy, gS6 Orie © 8539. 0,630 
bir 16zv 
To paa pueyq qnswig || 8 6rzr | tee 
wee SOI oF eee 
Eero SCOnG manube 
Liv'% | 00z*1 Stb-o 
aul] psouryuy 
‘sduioo-¢ o10ul 30 ¢ 
pesury AyTsuo0rys ‘sduroo-u | -* °° €vS "1 PAN 
whe fe a © €gl ‘oO Cay koOeC! 
ai feia is) ie £99° I Cire ce 
19L°0 | gov'z (1) obr'o ‘FT meg 
991 | ggr€ | (9) 9gz'o ‘Ty areg 
‘sduioo-¢ 
€ Ajqeqorg “sosurly 
youur oAey ‘“sduioo-w | *° °° 90g Zz &M 
b6L°0 | 062°z gbhr'o 
yo6'0 | LL1z (ole) mae) 
ore, = se £g0° ¢ IM 
Server ier fr) off: I se eee 
Of Eat Yes Pe} Cvr: z bisne, es 
whi Yon See) 6g1 2) ee eee 
ZzZ‘°I | CCO'O (Z) vzz'o0 
000'°O | 6gr't (£) c00°0 
ILZ°1 | c2vVez (@) zzz'o 
orate 1991 Sona 
duiog-¢ | ‘duiop-u syusuodu0)-¢ 
SHAVNAY 
x/XV 


XV 


mee 


LHOIG 


gjdnydas 


poyooyeuy) 
gidiry, 


ada, 


aydnqzuingd, 


‘sduioo ZI 


¢apdnydag 

¢ 9jdn}xag 
¢9fdnj}xes 
<9tdnipend 
adi, 


g7dnq09 
aida, 


NOILVUVdaS 
IO UILOVAVHD 


ol 


Motta 


Oy eet QzQ mola 
wenn ee v16 . Cézv 
Bare Dy Sa voz v6zv 


Cart 99S . Lgcv 
Sa tor Sgzv 


a rmige! dine). o06f ' glzv 


WOINVIIT, XOX LOMA NVNATZ TO SINAWAAASVAYL 
Il ATavt 


T5 


AND TITANIUM 


h 
[ 


ZEEMAN EFFECT FOR IRO 


dul] pesueyuy 
so3uly Jauul savy 


*sduroo-u 
aul] poouryuy 


au] poourqUy 


aul] pooueyuy 
auT] psouryUy 


aul] poouryuy 
SOUT] JUIPY 
ym pusg ‘sduoo-¢ £ 
A]GISSOg ‘oyqvansvoul 
jou ‘sduos-u ied Ja3nO 
aul] psouryuy 
‘sduios-u jo AzIsuozUT 
ur AnauruAssip yuored 
-de saad Ajqeqoid oury 
Ayundurt wort yWM pusl_ 
sduioo-¢ £ A[qe 
-qoid ‘pasury ‘“sdur02-u 


aul] pooueyUury 
‘sdusoo-¢ £ Alqe 


-qoid ‘pasuty “sdur0o-u 
oul] pooury 
-U] ‘sduroo-¢ 910Ur 


io € ‘posuty “sdu09-1 


‘guyy psouequy | 


ice 


Lgv° 
Cie 
ase 
609° 
ZQV° 
099° 
oles 
Vor’ 
Log: 
Te giee 
Sor" 
Lhe: 
viv: 


16L° 


B98" 
Ze" 


Bor 


616° 
918° 
Igl’ 
z63° 


Zev" 
$36" 


Sz6° 
heave 


NAANAH AR STH HAD ATA YH 


TM 


‘T ued 
(z) $gl-o “TT ued 
ISO 


° 
zO£°O 
° 
fo) 


VO 


(£) 16z'o ‘J reg 
(z) vb o “TT weg 
(1) gg$°o “THT wed 


tm Lof:o 
(¢) 181'0 | “TF eg 
(1) $gS°o “TT ued 

oSf'0 


tm $gz‘o 
™ Loto 


gto 
ofb'o 


SAN 


aidiry, 


q 
gotdnyxag 
adi 
oda, 
gyda, 
aida, 


aydnyxeg 
ajdizy, 
gjdizy, 
ajdnipend) 
aici, 

2 odnyx9g 


2 9fdn4x9S 


9jdnq90 
29jdnydag 


ap dnjx9g 
egy 


2 ajdnjdag 
é 


edu 
2 9]dnapend 


mm co 0 


maANeo 


eae cee ra 99g Offb 
gh eet Sov offv 
ee. wiiw, 42's: ozs “gzey 
see eea ee got Szetv 
yetioregee IES €zlv 
Perego cert £1g° 1z°V 


wee eee zg0'g1f¥ 
sees gti “oicy 
fa ae 96 vith 
eae pfo: f1eh 


a 4 a £0g . 6620 
eh sae ov 66z4 


97 


aul] poouvyugy SCC orapsvonu ™ Qglz'O zm QSf'o Ce 2 9jdnjzxag z -++79°9SQ°6zSP 
quiet eae 6g eer ee (4) gtto 
sae. eie org’ o 6) .@ ane (¥) Cole) mae} 
Sog'o | 000°0 (1) Sg1°0 (1) 000°0 
000°0 | 064°0 (z) 000°0 (z) zg10 
0090 | 1gS"I (1) ¥g1'°O (4) vzt-o cee ajdnq99 v ei OOP cal, 
A SAS bSy'z ZM Im zoS‘O o 2 9jdnyx9S v FISOR A AKG) C6coeny 
cece ee Llovl a eC rt (oyA Ame) z adi, I “ggg Qiav. 
> ae obt'z T™! g6v'o £ 2 atdnipend v “+55 96rQISP 
eve oghz Sees 10$'0 ¢ gidiy, v el QOO Ze Lay, 
aul] psoueyuy | Te Vee |e aes ee gdz°o £ Ey lea gp Siig | easee Sry 10St 
eer teas 6£9°z Rie veS'o C gid I --+++°7 79° LOVV 
eewee 6fV Zz ery) f6v'o (oe gfdiry, ¢ aOR eR OOM. 
eS eee re Lpbote\le, 9s, apa €SE-o i gid, ee deo zgi‘ S6vt 
= gbS*o | g6g'1 (z) O11°O (v) zgeo ‘7 Med 
— e00°0 | £96°2 (£) 000°0 (cz) LOS:o “TT aed 
x gor ivr y areduioz) | 18S°0 gsz Vv (z) 1110 (1) gSg°° TIT ued ee ‘sduroo 6 Pe Kaeo mae zgz' 6gry 
wn aur poouryuy | “°° PAE SA Ellie ois Cane SSe-o £ Eyeleag eed ee Lov ggvVy 
ee eS eS ED glv-z ZM Im Q6v°0 Zz 2 apdnyzx9g ote A eae 406° zgvV 
area GoLe cule) eee gtS‘o £ gid, SE (ak eye gtr ighv 
Se ee ee ee GrosS olan se lp h giaue I1g‘0 Zz gd, Te | eae zSL‘ogby 
Ss Cefaksicoae || se os Sie falh ota Ae 6zg°0 ¢ aidiL Cy eee 6Lg° OLY 
i =¢ © “uw b <Ajqeqog | zvS*z BN tm 60$°0 z 2 ajdnydag Cee tack gzo' SLrb 
x og$ 0 | 12g (z) 911°0 (v) Vof'0 ‘J ued 
000°0 | ggo°f (£) 000°0 (z) €19°0 “TI Wed 
S90 || cer -v (z) €11°0 (1) 9¢g°O ‘TIT Hed | @ % SSCLULODLON | ee com fs in gob Lv 
eeeee of9°0 ‘ee We 18 (1) gz1'o ai med 
*SQUIOD) seal eens TEOMDS |W eae (1) ggf°0 “TI wed 
-¢ med isouut jo a1], ZOGCAeCOe © gsbho (1) beL°0 ‘TIT Wed | 2% % ¢‘sduroo Or Cee ee Lio‘ 1Lvv 
iSoreeee ee COTE? a | cea a gzv'o z aid, ces (Cae gif 6grv 
aul] poouvyug | ~"°*" COURTS Manyara obt:o S adi, iSite alg Rea eaees £99 g9vv 
“duios-¢ | ‘du0p-u s}usuodw0) -¢ syuauodui0)-u 
SAVY ea ee eee 
Nx/XV XV 
\o 
eS 


panuywoj—Il ATAVL 


17 


ZEEMAN EFFECT FOR IRON AND TITANIUM 


*SosULI] 
Jouult aaAey ‘sduoo-d 
‘sduroo-u sired + Ajqeqoig 
‘sduioo-u sared € Atqeqorg 


aul] psoueyuy 


*sduroo 
-¢ © Aqeqoig ‘seSury 
Jouur = aAeYy‘Sdut02en 


06h Lzbb oj reprUMIS 
sqyoodsa1 Te, ur *sduo) 


‘duro 
-4 Jo ZuluapIM = 4437s 
yee0u0d = Aeut = h60° 9 


UVM puelg “wornjosar oN 


aul] psoueyuy 
‘pasuryy ApVYysys ‘sduroo-u 


OSL°1 
06S "1 
OSear 
QI 1 
vOL ‘1 
Sgg:t 
LES2O 
L¥9Q°1 
601 +z 


LVQ°I 
GLOW, 
gSi°z 
Sit 9c 


gol 'z 
Log't 
£z3*0 
000°0 
£1g°0 
LIg't 
zOv't 
SeL't 


(1) 69z°0 “7 ateg 
(9) 9vS 0 ‘Ty areg 


Otro 
vor: 
ove: 
ger: 
SST: 
lv: 
(¥) €f1-0 =F areg 
(z) 91v'O ‘Ty areg 
(1) #g9°0 ‘TTT areg 


oo0o000 


®M ggv'o 
£m LoS-o 
fvS ‘0 
otto 


™ 09S ‘oO 
(4) Z€&€-0 
(¥) oLI*0 
(1) 000°0 
(z) gor‘o 
(4) PEL-o 

goto 

SSe-o 


MMMMMA 


SS 


mm N 


é9[duy, 
adi, 
afd, 
afd, 
adi, 
aida, 


*sduroo o1 


¢ ‘sduroo z1 
29fdnwpoQ 

2 a[dnjxas 
gfdizy, 


29[dnydag 


ajdnq}99 
2 a[dnipend) 
afdiry, 


¢ pspoyrug 
a{diry, 
afdizy, 
aidiy, 


d octry, 
afdiry, 


mOwWonocdnd 4 


al ~O CO ~ 


TMM 


Mo 


mie! Ss: Je ete gSo . €SoS 
Poin Oo ger obos 
Nesema yes 6LS 90S 
Coe er at ed Sto . gtos 
O\e) Suite. te 6g0 . gtos 


fe me im yeti tog . brSr 
poe hee O61 vrS+r 
m0) @ mre 6ge . LESp 


a h6)0) 9) 0 Je Cae “geSr 
oom 60° o€Sb 
ne eat rl SESr 
sage £6 PeSy 


soo Oe eee, 


set te Orb fesr 


99 


ARTHUR S. KING 


18 


JeulIoUu Wo} pomsvow 
‘sduroo [Ty “JewuIou Wor; 
JQJOIA 0} zQ0'O paorid 
-stp ‘duroo-¢ ‘poyeredas 
por 2 ‘papusyq sora 
z “sduioo-“u $v Ajqe 
-qolg ‘TeotrjouurAsu 


QUIT poouryUy 
au] poouryuy 


ou] pooueyUy 


poajosel Jsow 
-[e ‘sduroo-¢ ‘sduroo 
2 ury} oiou A[qeqoig 


aul] pooueyug 


aul] pooueyuy 


qurey AIO. 


SXUVNAY 


N 

° 

ion) 
NAHHAH HHH AHR 


ie.e} 
+ 
oO 
OH HHH HHH YD 


syusuodu0g-¢ 


Ot poyoyeuy 
(1) cov'o 
(1) ¥gz'0 
[ewstou 
(z) 9z£°0 z 2 9[dn}xag 
LYS*o € ajdiry, 
olv'o Zz gfdiry, 
™ gbvg'o z ead, 
ggr'o £ afd, 
ZIS "oO € gyda, 
Sge'o 2 ofdqiry, 
z60z'O z afdiay, 
zm 9gg‘o z 2ofdnyxos 
™™ I19°0 £ 2afdnipengd 
zm Sog'o z 2odnydas 
£6b'0 € afd, 
glv'o € gdiuy, 
bervo € g[diry, 
1fv'o ec gdp, 
6z£°0 e adi, 
zoS'o ¢ gfdiry, 
zm OLV'O Teer ¢9[dn}xas 
S€z-o z a[dizy, 
a ur'u i ¢9dnyx0s 
£gv'o & dup 
Uru as gdp, 
ziv'o (6 Pie) (elem pi 
syusuo0dui0g-4 
LHOII A, NOILVAVdaS 


XV 


10 YALOVAVHD 


MHOHH TOTNEOO HM 


ALIS 
-NZINJ 


apiat ie ‘643° 


zeeSs 


panuyuoj—il ATAVL 


100 


19 


ZEEMAN EFFECT FOR IRON AND TITANIUM 


‘sduioo-¢ + 
Ajqissog ‘sired € Alqe 
-GoIg ‘vofg se asnygip 


os jou ‘aprm ‘sduroo-x 
sired © ysvoy 
qe Aqeqoig ‘sn yIp 


pue opm AoA ‘sduroo-% 


puosas Jo ‘duro 


aul] 3SIG Jo ‘sduios-u pay 


‘sduroo-¢ £ Ajqe 
-qolg ‘“pasury ‘sduroo-% 


paajoser Ayeorvos ‘duroo-¢ 


24sasuors ‘duroo poy 


£1S° 


ov’ 


Le no 


HANHNNONN OHHH AMAH AHHH 


H 


EM ™ gol: 


IM IM f9S° 


0000000 


O0C0OO0HHOOO0O 


0000000 


ole) 


‘T eg 
‘Tr weg 


OmOaaana 


aa 


AMMA DA 


297dn199 


29{dnq09 
afdiury, 


aidiy, 
afdizy, 
adi, 
apdiay, 
afdiry, 
afdiry, 
gfdiy, 


¢atdnqdag 
apdiay, 

2 9pdiay, 
a[qi1y, 
afd, 

2 9[dnyxas 
afd, 
¢a[dnapeng) 
a[diry, 
afd, 
a{diry, 


atdnjxas 
2 apdnyxas 
aydiay, 
gyda, 
afdizy, 
o[diay, 
afduy, 
a[diry, 


HH ON 
fo) 
Se) 
Ke) 


OMEOAMNNAMW ODNnNAAN HOH AH YW 


IoL 


20 ARTHUR S. KING 


EXPLANATION OF THE PLATES 


Enlargements of selected portions of the iron and titanium 
spectra are reproduced in Plates V-VIII. In Plate V, the spectra 
of the spark without magnetic field is placed above and below, while 
the three magnetic-field spectra are those given when the light is 
observed across the lines of force with a Nicol in two positions go° 
apart, and without a Nicol, the first two giving the p- and m-com- 
ponents respectively, while the last gives the two superposed. 

For the other plates, the same plan is followed, but only the 
spectra showing the p- and m-components are presented. The four 
spectra in Plate VII show two portions of the titanium spectrum, 
the range of intensity among the lines being so great that one 
photograph can do justice only to a certain set. 

The number of lines for each type of separation, including both 
the clear and the questioned cases as given in the complete tables, 
is shown in Table III. 

The publication discusses in detail the characteristics of each 


type. 


RELATION OF SEPARATIONS TO THE NORMAL INTERVAL 


The study of how generally the separations observed show a 
simple relation to a fundamental imterval has been gone into with 
some detail. The relation 

Ak e H 
= eet? 

where e/m is the ratio of charge to mass of the electron, H 
the field-strength, and v the velocity of light, gives values for 
a of 0.753 and o.812 for the field-strengths corresponding 
to the measurements for iron and titanium, respectively. The 
“normal triplet”? should then show values of Ad/A? for the 
distance between the side components of about 1.500 and 1.600, 
respectively. 

Various types of separation are considered in turn with regard to 
how nearly the measured separations can be expressed in terms of 
the normal interval a. In the iron spectrum, 272 clear triplets 
were measured, i.e., triplets whose components show no widening 
which would indicate that the line is of higher type. Of these, 230 
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gave separations which could be expressed readily as multiples of 
a/2, 54 showing a value of AX/)? close to 2a, and 72 close to Aas 
The titanium table contains 242 clear triplets, 145 of which gave 
multiples of @/2, 73 of these being normal triplets. Many of the 
remaining triplets allow their separations to be expressed as even 
multiples of a/4, but, with the fields employed, this brings the unit 
close to the possible error of measurement, except for lines of high 


weight. 
TABLE III 


SUMMARY OF TYPES OF SEPARATION 


Separation Tron Titanium 
Unarected Ses. vaxacre er a terior 9 4 
ATI plectie=aeneie tivtesnettiore s 393 291 
LO AUENG Fes 10) (ines caterer es Cee c 49 28 
Muintuples. aenn ocacaiec is if 5 
DEXA oe wt os aeons 118 7a 
DED EOD ecey rats ee 3 ors 37 12 
OSMIpPlER SR Meee oe 6 II 
COMPONENTS ce cesyea hase es 9 3 
LO COMPONENtS ho. ac. ee as 7 it 
SA COMPOMENUS A pe jes sects ack 2 2 
M2 ICOM PORENCS aries 2 4 2 
ES \CONIMPOMEMES © 5x12 overseer tee 2 ° 
Winclassineden one. sn eae aes 19 16 

Total we scrcito asia 662 458 


The lines appearing as quadruplets (in many cases really sextuple 
owing to two pairs of n-components being blended) in the majority 
of cases allow their separations to be expressed as multiples of a 
or a/2, the most common ratios of - and p-separations being 2a:a 
and 3a:a. 

The lines of more complex type which are fully resolved, ran- 
ging from quintuplets to 12-component lines, are tabulated in a form 
to show how the separations may be expressed in terms of the nor- 
mal interval and also to give the ratio, usually very simple, between 
the successive separations. Fifty-seven complex lines are thus 
treated, and in almost every case the ease with which the separa- 
tions can be expressed in terms of a leaves no doubt as to the 
generality of a relation of this sort. As an example, the 12-com- 
ponent lines AA 3722.729, 3872.639, and 5447.130 of iron, and 
4289.237 of titanium, some of which are given in Tables I and I 
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in this abstract, present in each case the following arrangement 
of the six pairs of components: 


+ 24 nA 
30/2 n 3 
a N,p 2 
a/2 np tI 


The ratio separations for successive pairs is thus 1:2:3:4. Not 
all lines show so simple a ratio, and probably a much stronger 
field, permitting the use of small fractional parts of a, would cause 
some revision of the relations here given for a few lines. The 
results in general, however, are fully in accordance with the rule 
given by Runge’ that for complex lines the distances of the various 
components from the center may be expressed as multiples of 
aliquot parts of a. 

This treatment of complex separations has brought to notice 
many cases of ‘‘magnetic duplicates,” lines showing exactly the 
same structure and with the same intervals between components. 
The knowledge of the structure of these lines may be of service in 
the search for series relations, but as yet nothing definite in this 
direction has been developed. 


DISSYMMETRY 

The number of lines showing clear dissymmetry in spacing or 
intensity of components is not large, fourteen such lines being 
listed for the two spectra. 

Measurements were made for a number of sharp iron triplets 
to test the dissymmetry predicted by Voigt and investigated by 
Zeeman and others, according to which the violet component of a 
triplet should have a slightly greater spacing from the central 
component, while the red component should be slightly stronger 
than the violet. Of 26 lines favorable for this purpose, all but 3 
show a larger spacing for the violet component, while most of the 
lines show a difference considerably greater than the probable error 
of measurement. Numerous triplets also appear for which the red 
component is very slightly stronger than the violet. A detailed 
study must wait until a much greater field-strength is available, 

t Physikalische Zeitschrift, 8, 232, 1907. 
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but this preliminary examination indicates that the effect is real 
for many triplets. 


LAW OF CHANGE OF THE AVERAGE SEPARATION OF THE 
N-COMPONENTS WITH THE WAVE-LENGTH 


The extensive range of wave-length studied for iron and tita- 
nium, together with the large number of lines measured, has fur- 
nished material for a statistical study of the change of the average 
separation with the wave-length. The method of treatment has 

een to obtain the mean value of AA/)? for the m-components of 
lines for each 500 A from 3700 to 46700. When there are two 
or more pairs of w-components the mean of the separations is taken. 
The averages thus obtained are presented in Table IV. The means 
for the six groups of 500 A are given first, then the means for the 
three groups of 1000 A. These latter are the means for the whole 
number of lines included in the range, not the average of the means 
for the 500-groups. 


TABLE IV 
MEANS oF AX/)? (17-COMPONENTS) FOR SUCCESSIVE REGIONS OF WAVE-LENGTH 
Tron TITANIUM 
RANGE OF A 
No. Lines Mean Ad/A2 No. Lines Mean AA/A? 
ByOO-AZOO. aie. 267 2.003 80 I.g09 
4200-4700.... IOI 2.051 152 QaO27, 
4700-5200....| 74 FBI 81 1.684 
EICO—6 700%, « sn< 62 I.932 47 1.819 
57700-0200... . By 1.837 34 1.942 
6200-6700... . 41 Dg tehit 28 1.764 
BOO-A 7 OOn ne 368 2.016 232 1.986 
4700-5700.... 136 2.037 128 1.734 
5700-6700.... 78 1.989 62 1.862 


The close agreement of the means shows that there is an approxi- 
mate constancy of the values of AA/)? for different parts of the 
spectrum. Taking the successive means of the 500-groups, the 
average value for iron is 2.013, for titanium 1.858. The largest 
deviation from the mean for any group is 8.7 per cent for iron and 
9.4 per cent for titanium. For neither element is there any sys- 
tematic change of the means for successive groups. 
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The means for the groups of 1000 A show a still closer agree- 
ment, the largest deviation from the mean of these groups being 
only 1.2 per cent for iron and 6.8 per cent for titanium. 

The mean values for titanium run smaller than those for iron, 
although the titanium measurements correspond to the greater 
field-strength. When a number of spectra are examined in this 
way, it may prove that this difference is connected with certain 
properties of the elements concerned. 

This constancy of the mean values of AX/A* appears to be based 
on the general relation of the separations to the fundamental 
interval a, and to result from the fact that the great majority of 
the separations for the m-components range from the values of 2a 
to 3a. Among triplet lines, the greater number show a separation 
larger than 2a. The exceptionally large and small values for trip- 
lets, together with the mean separations of the complex lines, 
combine to form a fairly definite mean which holds for the 
whole range of spectrum examined. 

Since AX/? is thus shown to be nearly constant, it may be said 
that for the spectra of iron and titanium and probably for spectra in 
general, the mean separation. of the n-components varies as the square 
of the wave-length. A similar rule must hold for the p-components, 
since complex lines of the same structure in different parts of the 
spectrum show the same relation to the interval a. 

A result obtained by a different method, but doubtless based on 
the same general relation, was given by Mr. Hale* in a comparison 
of sun-spot doublets with Zeeman separations on laboratory plates. 
He observed that the mean Ad divided by the square of the mean 
» agreed exactly for two regions of the iron spectrum. 


THE EFFECT OF THE MAGNETIC FIELD UPON ENHANCED LINES 


In my former paper on the titanium spectrum, as well as in the 
recent papers of Mr. Babcock? on the Zeeman effect for chromium 
and vanadium, the conclusion was reached that the enhanced lines 
as a class are not affected differently from the non-enhanced lines 

*Contributions from the Mount Wilson Solar Observatory, No. 30; Astrophysical 
Journal, 28, 315, 1908. 


* Contributions from the Mount Wilson Solar Observatory, Nos. 52 and 55; Astro- 
physical Journal, 33, 217, 191t. 
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of these elements. The larger amount of material in the present 
publication has verified this conclusion in general, but it also 
presents evidence that the stronger enhanced lines of titanium show 
a tendency toward one type. The question is of interest because 
the enhanced lines form a fairly well-defined class, requiring certain 
physical conditions of the light-source for their production, and a 
modification of these conditions affects the intensity and appear- 
ance of all such lines in the same way though in different degrees. 

Among the lines measured for magnetic separation in this publi- 
cation, the ratio of enhanced to non-enhanced lines is about 1:14 
for iron and 1:5 for titanium. There appears to be no undue 
proportion of any one type of separation among the enhanced lines 
considered as a whole. None of the lines unaffected by the mag- 
netic field are enhanced, and only one quintuplet occurs in this 
class. The more common types are all well represented among 
them. However, one noteworthy peculiarity is shown by the 
enhanced lines of titanium in the region from » 3600 to A 4600, 
rich in this kind of lines. Twenty-two lines occur here which show 
a high degree of enhancement, and are, as a rule, much stronger in 
the spark than any of the lines characteristic of the arc. Seventeen 
of these lines are clear triplets, while in the whole titanium 
spectrum measured, only a little over half of the lines are clear 
triplets. The remaining five, which are with one exception the 
weakest in the list, are of more complex character. As regards 
magnitude of separation, none of these 17 lines are normal triplets, 
and they appear to be less closely related to the interval a than a 
like number of triplets taken at random. These data are all pre- 
sented in tabular form in the complete publication. 


COMPARISON OF THE RESULTS FOR THE ZEEMAN EFFECT AND 
FOR PRESSURE DISPLACEMENT 
This subject was treated for the spectra of iron, titanium, and 
chromium in a former paper.!. The material for the first two ele- 
ments is now presented with revised measurements and much more 
extensive data for titanium, for which I am indebted to Mr. Gale, 


Contributions from the Mount Wilson Solar Observatory, No. 46; Astrophysical 
Journal, 31, 433, I9to. 
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photographs having been made by him in this laboratory for the 
titanium arc under pressure. This extension gives 173 iron and 
122 titanium lines available for a comparison of magnetic separation 
and pressure displacement. 

The method of treatment of the material in tables is much the 
same as before, and similar conclusions are reached. The ratios 
of separation to displacement for different lines show no approach to 
constancy. In many cases the magnitudes of the two effects are 
very different, the extreme cases being lines unaffected by the mag- 
netic field which show large pressure displacement. Taking the 
means of separation and displacement for large numbers of lines in 
the same region of the spectrum, however, it is found that these 
means are in general of the same order of magnitude when they are 
classified broadly as small, medium, and large. This shows that 
the lines as a rule show some degree of similarity in their response 
to the two displacing influences. Both effects are observed to in- 
crease with the wave-length, although it is not yet established that 
the rate of increase for the pressure-effect is the same as that for 
the Zeeman phenomenon, i.e., as the square of the wave-length. 


Mount Witson SOLAR OBSERVATORY 
April 10, 1911 
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NOTE ON THE GROUPING OF TRIPLET SEPARATIONS 
PRODUCED BY A MAGNETIC FIELD 


By HAROLD D. BABCOCK 


In recent papers on the Zeeman effect for chromium!’ and vana- 
dium? attention was called by the writer to the grouping of the 
separations of the outer components of triplet lines. It was shown 
that for those metals the values of AX/A? for triplets occur chiefly 
in two easily distinguishable groups. The completion of tables 
of magnetic separation for iron and titanium by King? has led to 
further inquiry along this line, which was subsequently extended 
so as to include all the data available. The additional material 
here discussed is found in papers by B. E. Moore on zirconium, 
yttrium, osmium, barium,’ and thorium;’ by W. Miller on manga- 
nese;> by H. M. Reese on nickel;? and by R. Jack on tungsten 
and molybdenum.® 

The values of A\/)? for the triplet lines of each metal were 
arranged in order of magnitude and a curve was drawn showing 
the frequencies of their occurrence. Lines whose classification or 
measurement was doubtful were omitted. As a considerable 
portion of the separations referred to the distance between the 
outer components instead of between the central and either one of 
the outer components, all the numbers were reduced to this system 
and the factor one-half applied at the end. The abscissas for the 


t Contributions from the Mount Wilson Solar Observatory, No. 52; Astrophysical 
Journal, 33, 217, Igri. 

2 Contributions from the Mount Wilson Solar Observatory, No. 55; Astrophysical 
Journal, 34, 191l. 

3Contributions from the Mount Wilson Solar Observatory, No. 56; Astrophysical 
Journal, 34, I9It. 

4 Astrophysical Journal, 28, 1, 1908. 

5 Ibid., 29, 144, 178, 1909. 

6 Physikalische Zeitschrift, '7, 896, 1906. 

1 Astrophysical Journal, 12, 120, 1900. 

8 Gottingen Dissertation, 1908. 
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Fic. 1.—Grouping of Triplet Separations 
Interval in AN/)? equals 0.10. Field 20,000 gausses 
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curves are equal intervals in AA/\. A given ordinate was obtained 
by averaging the number of occurrences for its own abscissa with 
those for the two adjoining ones. As first drawn the curves related 
to the various field-streagths employed by different observers. 
The abscissas were accordingly reduced to a standard field of 20,000 
gausses, making them directly comparable, and they are thus dis- 
played in Fig. 1. The scales are, for the abscissas: interval in 
Ad/? equals o.10, one square being equal to four intervals; for 
the ordinates: one square equals eight occurrences. 

The alignment of maxima and minima, first noticed for chromium 
and vanadium, is shown here extending in general to these other 
metals. The first maxima lie between the limits AX/?=1.80 and 
And/d?=2.20, while the second are included between the values 
2.60 and 2.80. The abscissas corresponding to the two maxima 
are thus seen to have the ratio 2:3. Although some curves show 
the second maximum only slightly and others have only a sug- 
gestion of the first, none exhibits a distinctive grouping except 
barium. This metal has in addition to the two usual groups 
a third, the abscissas being in the ratio 1:2:3. Small weight 
attaches to the curves for osmium, barium, manganese, and nickel 
on account of the few triplet lines which have been measured in 
their spectra. 

It is to be observed that the data studied here were collected 
by six observers working in five laboratories, and that the field- 
strengths were different and were measured by different methods. 
In addition it is likely that some lines are classified as triplets which 
are really more complex. So close a similarity among the curves 
is therefore remarkable, and a combination of the results should 
be of considerable interest. Accordingly the position of the 
minimum was carefully determined on each curve and the values 
of AX/)? thus divided into two groups. The means for each group, 
weighted according to the number of lines upon which they depend, 
when combined yield as values of AX/A?, 1.892 0.014, for group I, 
and 2.794+0.018, for group II, the appended numbers being 
probable errors. Using the equation 

AX e : {ge 
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where H is the field-strength in C.G.S. units and 2 is the velocity of 
light, the resulting values of e/m are 1.783 +0.0133 X10" and 2.633 
+0.017,X107, the former being based upon measurements for 2043 
triplets and the latter upon those for 827. Two-thirds of the 
larger value is 1.755 +0.116, which, when combined with the first, 
with weights proportionate to 2043 and 827, yields the final weighted 
mean 1.775*0.0132. Table I is a summary of the work here 
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TABLE I 
GROUPING OF TRIPLET SEPARATIONS 
Group I Grovp II 
METAL FIELD 3 g 8 8 AA 
Limits |B) Mex | Limits [es] _™e™a. 
ina H=20,000 iz H=20,000 
hitaniumneney re 17,500/1.00-2.25] 214|1.876 2, 25-3. 20) 25\20072 
Thies oho oak 16,000]1. 20-2.00} 139|2.079 2.00-2.90|108)/2.908 
Yttrium......../ 24,400/1.70-3.10] 56/1.955 3.10-4.00] 5]2.702 
Zit conus 24,400|I.70-3.00] 307/1.821 3.00-4.00] 91/2.760 
Osmiunae weer 24,400|1.80-2.60} 4/1.843 2.60-4.00] 26/2.620 
IBariunat seve ie tee 24,400]/2.00-2.50} 18]/1.860 2.50-3.50|} 8/2.700 
ADAIR 6 hc. 24,450/1.20-2.90] 277/1.803 2.90-4.20} 87|2.702 
Manganese... ..| 23,850/2.00-2.85| 11|2.160 2.85-3.70| 20|2.750 
INickelarg sie 28,300/2.00-3.40] I2/1.970 3.40-4.25| 2/2.760 
Chromium..... 20,000/1 .30-2.40] I04]1.g00 2.40-3.00| 39/2.700 
Vanadium..... 20,000/1.30-2.50}) 249|1.971 2), 50=3- LO!) 7212780 
Molybdenum.. .| 23,850/0. 50-3.00] 360/1.907 3.00-4.08]/156/2.928 
shun estenien ei. 23,850/0.80-2.85] 292/1.863 2.85-4.80/188}2.726 
2043/1.892+0.0147 827\2.794+0.018, 
é 
as I. 783 40.0133 X 107 2.63340.0174X 107 


It should be said that, before deciding upon the positions of the 
minima for these curves, they were drawn with various intervals 
in AA/\?, with and without the normal point ordinates described 
above; and the method of drawing herewith presented was selected 
as best representing the data. The minima were in general selected 
upon the original curves, before reduction to the standard field. 
The outer limits of the two groups are of little importance relatively, 
on account of the few occurrences there. A very few values of 
Ad/? which were nearly one-half the value corresponding to the 
first maximum, or twice that value, were omitted from both groups. 
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The most important instance of this procedure is in the case of 
barium. The small distinctive group clustering around the value 
AX/dM=1.90 is not included in group I. 

The appearance of a typical curve like that for chromium sug- 
gests a combination of two symmetrical overlapping curves. If 
this is the case, the positions of the maxima being the same for 
all the metals, but their relative heights different, the division of 
groups I and II at the minimum is not an equivalent process for 


TABLE II 


é 
VALUES OF og} VARIOUS OBSERVERS 


Arbre ee paccensn oe I.710X 107 Gmelin* se eee e770 
1.750 

HObMABN fe.) 4258 os 1.720 CHssent-ien sane ee 1.776 

Gehrcke and v. Baeyerf1.740 Bucherety |e te 703 

Stettenheimerf} ......1.791 SIMON se sere nee eee 1.865 

Weiss and Cotton]....1.767 Proctor eae 1.859 

Mean ita. cca ae 7A: 


* Annalen der Physik, 9, 886, 1902. 

¢ Stettenheimer, Dissertation, Tiibingen, 1907. 

t Verhandl. der Deutschen Physikalischen Geselischaft, 10. Corrected by v. Baeyer, Physikalische 
Zeitschrift, 9, 831, 1908. 

tt Dissertation, Tiibingen, 1907. 


¥ Journal de Physique (4), 6, 429, 1907- {{ Lbid., 9, 760, 1908. 
** Annalen der Physik, 28, 1079, 1909- *** Annalen der Physik, 69, 589, 1899. 
tt Physikalische Zeitschrift, 9, 764, 1908. ttt Physical Review, 30, 53, 1910. 


all cases. For the ratio of the number of values assigned to group 
I but really belonging to group II, to the number assigned to group 
II but belonging to group I, would depend upon the relative heights 
of the two maxima, as would the position of the minimum itself. 
When the ratio of the height of the second maximum to that of the 
first decreases, the minimum moves out toward greater values of 
An/d2, increasing group I at the expense of group II. The mean 
value of AX/)? for group Lis thus raised and at the same time given 
greater weight, while the opposite happens to group II. For nearly 
all of the curves shown here the second maximum is lower than the 
first, so that if this source of error could be removed, the two values 
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of e/m upon which the final result depends would be more accord- 
ant. It does not seem likely, however, that the final mean value 
would be much changed. 

Table II is a collection of other determinations of e/m, the aver- 
age of which is 1.774107. If the values of Proctor and of Simon 
be omitted, however, the average falls to 1.754107, but the 
divergence of my result from this is only a little over 1 per cent. 


Mount WILtson SOLAR OBSERVATORY 
June 1911 
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AN INVESTIGATION OF THE SPECTRA OF IRON AND 
TITANIUM UNDER MODERATE PRESSURES 


By HENRY G. GALE anp WALTER S. ADAMS 


The results which are contained in this article are the main 
products of a study of the effect of a gaseous pressure of 9 atmos- 
pheres upon the arc spectrum of iron and of pressures of from 3 to 
17 atmospheres upon the arc and spark spectra of titanium. The 
investigation was begun in the spring of 1910 and carried on during 
a period of three months of that year and a corresponding period 
of 1911. At first the end in view was to study the effects of pres- 
sure upon the spark spectrum alone, but the lack of corresponding 
results for the arc at moderate pressures required the extension of 
the investigation to include arc results as well. 

Previous studies of the pressure effect have for the most part 
been at comparatively high pressures. Thus the recent results of 
Rossi upon the arc spectra of titanium and vanadium are based 
principally upon pressures between 25 and too atmospheres. A 
part of the earlier work of Humphreys,? and Humphreys and 
Mohler,? dealt with pressures as low as 4 atmospheres, but all of 
the more recent work of Humphreys‘ has been at much higher 
pressures. Similarly the work of Duffield’ upon the arc spectra of 
iron, gold, and silver contains some results obtained at 5, 10, and 
15 atmospheres, but the great majority of his values are also for 
high pressures. In the case of the spark spectrum only two previous 
investigations are available. The first of these, by Hale and Kent,° 
deals with a small number of iron lines at pressures of from 3 to 53 
atmospheres; the second, by W. B. Anderson,’ gives the displace- 
ments of a considerable number of iron lines at 50 atmospheres. 


t Proc. Roy. Soc., A 83, 414, 1910. 
2 Astrophysical Journal, 4, 249, 1896; 6, 169, 1897. 


3 [bid., 3, 114, 1895. 4Tbid., 22, 217, 1905; 26, 18, 1907. 
5 Ibid., 26, 375, 1907; Phil. Trans., A 208, 111, 1908. 
6 Astrophysical Journal, 1'7, 154, 1903. 7 Ibid., 24, 221, 1906. 
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With the exception of some results by Humphreys" for certain lines 
of iron and chromium in the green and yellow parts of the spectrum 
all of the values given in these researches are for the more refrangible 
lines. 

In view of these considerations it has seemed desirable to us to 
carry on our work at relatively low pressures and to include as 
large an extent of spectrum as possible. A combination of our 
own results with those obtained at higher pressures by other 
observers would give a severe test of the law of the proportionality 
of displacement to pressure, while the values of the displacements 
for lines of widely different wave-lengths would provide more 
satisfactory. material for a discussion of the variation of displace- 
ment with wave-length than could a comparatively limited range 
of spectrum. 

The astronomical applications of pressure results also make these 
considerations important. So far as our knowledge extends, the 
effective pressures in the reversing layer of the sun and in stellar 
atmospheres are moderate in amount. For example, the most 
recent determination of the pressure in the reversing layer of the 
sun by Fabry and Buisson? gives a value of 5 atmospheres. Accord- 
ingly pressures of the same order should be employed in the labora~ 
tory work in case a direct comparison of the character and the 
displacements of the lines is to be made with those in solar and 
stellar spectra. 

The investigation has been carried on in the Pasadena laboratory 
of the Mount Wilson Solar Observatory and the spectrograph 
employed is the 9.1 m plane grating Littrow instrument already 
used by Mr. King and Mr. Babcock in numerous studies of the 
Zeeman effect. Since this spectrograph has been described in a 
previous publication,’ no details are necessary in this place. The 
grating is a 20 cm plane grating by Michelson with 500 lines to the 
millimeter, and the second order has been used for all of the photo- 
graphs taken in connection with this work. The linear scale given 
by the spectrograph is approximately 1 mm=o.95 Angstrom. 


* Astrophysical Journal, 26, 18, 1907. 2 [bid., 31, 97, 1910. 


3 Contributions from the Mount Wilson Solar Observatory, No. 23; Astrophysical 
Journal, 27, 204, 1908. 
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The pressure-chamber consists of a strong brass hood with a 
flange at its base which is fastened by a series of iron clamps around 
its rim to a brass base carrying a similar flange. The two portions 
have been surfaced accurately and at the junction a thin lead 
washer provides an air-tight union. The top of the hood carries 
the pressure gauge and the connections for attaching the tanks of 
compressed gas. The connections for the electrodes are passed 
through the sides of the box and are very heavily insulated in order 
to provide for the use of high potential for the spark. The elec- 
trodes themselves consist of copper clips placed in a horizontal 
position, and the arc or spark passes directly between small pieces 
of metal held in these clips. The distance between the electrodes 
may be varied by means of a fiber handle on the outside of the box 
which turns a screw acting through a hard rubber sleeve. At 
moderate pressures the chamber shows very little leakage. 

In the front of the brass hood is the window through which the 
light from the arc or spark passes to the spectrograph. Since the 
spectrograph itself contains a glass lens and so is not adapted for 
work in the extreme ultra-violet part of the spectrum, the window 
also is made of glass. It is about 2 cm thick and conical in shape, 
with its base toward the light-source in order to withstand the 
effect of the pressure from within. The window is mounted in the 
center of a round brass casting about 12 cm in diameter cut with a 
quarter thread. This engages with a similar thread in an opening 
in the pressure-chamber and the block is tightened by means of a 
powerful wrench, until an air-tight junction is obtained. By tak- 
ing off this block it is possible to reach the electrodes without 
unclamping the entire box. 

The light passing through the window of the pressure-chamber 
is focused upon the slit of the spectrograph by means of a glass lens 
placed midway between window and slit. It has been found pos- 
sible in all of the work to obtain arc and spark gaps sufficiently 
wide to avoid the necessity for magnification at the slit of the 
spectrograph. The diameter of the lens is such that the cross- 
section of the cone of light at the base of the spectrograph is about 
six times that of the grating surface, and we have given especial 
care to the adjustment of the instrument in order to keep the 
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illuminated area as nearly as possible concentric with the grating 
throughout all of the observations. To provide for accurate guid- 
ing during an exposure when the arc or spark shifts from one point 
to another upon the electrodes, we have adopted the simple expe- 
dient of placing the condensing lens upon a double-slide rack. The 
observer watches the image upon the slit with a small telescope and 
corrects for the motion of the arc or spark by a slight vertical or 
horizontal motion of the lens. It is evident that the effect of such 
motion is to displace the cone of light slightly with respect to the 
grating, but the margin of full illumination is so great and the motion 
of the lens so small that no error is to be feared from this source. 

The arc used throughout this investigation was produced by a 
direct current of 110 volts furnished by a motor generator. A bank 
of lamps placed in series in the circuit provided the means of vary- 
ing the amount of current passing through the arc. In general a 
current of from 4 to 8 amperes has been used for most of the work. 
By increasing or decreasing the current it is usually possible to vary 
the amount of reversals of the stronger comparison lines, and this 
has proved most useful in a part of the investigation. 

The alternating current for the spark was furnished by a 5 kilo- 
watt transformer fed by an alternating current of 220 volts. It is 
capable of giving a potential as great as 64,000 volts. For most of 
this work either 16,000 or 32,000 volts have been employed. A 
self-induction coil placed in the secondary circuit has been used for 
a part of the work for the purpose of reducing the intensities of the 
enhanced lines. It may be well to state at this point that we have 
been able to find no distinct evidence.of the variation of pressure 
displacements with change of current, capacity, potential, or arc or 
spark-gaps for the range throughout which we have worked. Nor 
does there appear to be any difference between the results for an 
atmosphere of air or of carbon dioxide. The effect of a hydrogen 
atmosphere is discussed at a later point. 

A considerable number of photographs of an arc between carbon 
poles was taken, and the displacements of the lines of iron, which 
occurred as an impurity, were found to be the same as those 
obtained from an arc with iron poles. Table I contains the results 
from arcs with iron and with carbon poles. 
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On all of the photographs the spectrum under pressure is placed 
in the center with the comparison spectrum of arc or spark at 
atmospheric pressure on either side, a simple occulting-bar arrange- 
ment providing for covering and uncovering the different portions 
of the slit. The exposure for the comparison spectrum has been 
divided into two parts, one-half before and one-half after the 
exposure for the pressure spectrum. In order to test the possible 
effect upon the photographs of accidental disturbances such as the 
vibration of the building, we have made a number of exposures 
upon an arc spectrum separated by considerable intervals of time, 
but measures of the photographs have shown no appreciable dis- 
placements since the spectrograph was definitely adjusted for this 
work. In general the exposure times, both for the comparison and 
the pressure spectrum, have been comparatively short. For the 
arc spectrum in the blue and violet regions they have varied from 
1 to 2 minutes for the pressure spectrum to 1 to 6 minutes for the 
comparison spectrum on Seed “Process” plates. For the less 
refrangible regions the exposure times are, of course, longer, reach- 
ing in the case of the comparison spectrum a maximum of some 40 
minutes in the red. The spark spectrum requires considerably 
more time, and in the red we have been obliged to give as much as 
13 hours to the comparison spectrum of iron. 

The great amount of labor involved in the measurement and 
reduction of the photographs has made it impossible to determine 
the values of the displacements of all of the lines at all of the pres- 
sures employed. Accordingly we have adopted the plan of making 
as complete a study as possible of all well-measurable lines at a 
single pressure, and for the other pressures using a selected list 
sufficient in number to give a mean of high precision for purposes of 
comparison. The pressure adopted for the principal series was 8 
atmospheres above atmospheric pressure, a value sufficiently high 
to give displacements of considerable amount, but not too high to 
prevent direct comparison with the results for solar lines. The 
other pressures used have been 2, 4, 6, 12, and 16 atmospheres above 
atmospheric pressure and a few photographs have been taken at a 
partial vacuum. As already stated, no appreciable difference could 
be detected between the displacements for an atmosphere of air or 
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carbonic dioxide, and the latter gas has been used throughout the 
greater part of the investigation. 

The extraordinary variety in behavior of different spectrum lines 
under pressure has, of course, been noted by all observers. In 
general the lines may be divided roughly into five broad classes: 

1. Lines which are symmetrically reversed. 

2. Lines which are unsymmetrically reversed. 

3. Lines which remain bright and fairly narrow under pressure. 

4. Lines which remain bright and symmetrical but become wide 
and diffuse under pressure. 

5. Lines which remain bright and are widened very unsymmet- 
rically toward the red. 

The lines in the first class are those which are most readily 
measurable and for which the degree of precision is highest. They 
are much more numerous in the arc spectrum of titanium than in 
that of iron, and in general they are likely to be among the strongest 
of the lines in the spectrum. The number of lines in the second 
class is smaller than that in the first and the reversals as a rule are 
fainter. Most of the enhanced lines in the spark spectrum of 
titanium belong to this class. 

The lines in the third and fourth classes form a majority of all 
of the lines measured, particularly in the less refrangible part of the 
spectrum where reversals are comparatively few. The lines in the 
third class usually are well measurable, those in the fourth less so. 
The distinction between these two classes is entirely arbitrary as 
all lines are widened somewhat under pressure. 

The fifth class is of great interest. Almost all of the lines belong- 
ing to it occur in the yellow and red portions of the spectrum, and 
all show enormous displacements. The widening of these lines and 
their lack of symmetry are so great, however, that many of them 
are practically incapable of measurement, and for the others the 
degree of accuracy is extremely low. The measures when made are 
upon the maximum, which is always upon the violet side of the 
center of the line. 

Most of the characteristics of the lines in the arc under pressure 
apply equally well to the same lines in the spark. All lines in the 
spark spectrum are much more diffuse, however, and the degree of 
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accuracy of measurement is distinctly lower. This is especially 
true of the enhanced lines of titanium, which as a rule show very 
faint unsymmetrical reversals, which it is extremely difficult to 
measure with precision. 

In the tables which follow are given the results of our measures 
of the displacements of the principal lines in the spectra of the iron 
arc and the titanium arc and spark for a total pressure of 9 atmos- 
pheres, the comparison spectrum being in each case the same source 
at atmospheric pressure. 

The wave-length of the line according to Rowland’s table is 
given in the first column; its type as regards reversal and symmetry, 
referred to one of the five classes above, in the second column; its 
mean displacement in the fourth column; the mean deviation of 
the separate determinations from the mean in the fifth column, the 
unit being o.oor Angstrom; and the number of plates in the sixth 
column. In the discussion of these displacements with relation to 
their variation with wave-length the lines are treated in different 
groups. In order to save repetition at a later point the group under 
which each line is treated is given in the third column. The 
seventh, eighth, and ninth columns in the table for titanium give 
the displacements of the corresponding lines in the spark spectrum, 
the average deviations of the separate determinations from the 
mean, and the number of plates measured. A few lines not given 
by Rowland are taken from the lists of Hasselberg* and Evans.” 

In general each plate was measured four times, once in each 
direction, by two different observers. 

Although we shall not attempt in this place to enter into any 
extended discussion of the characteristics of the various lines under 
pressure, there are a few general results evident from an inspection 
of these tables to which reference may be made. 

1. Reversal is clearly a function of wave-length for both arc and 
spark. The number of reversed lines falls off rapidly toward longer 
wave-lengths, there being extremely few reversals in the red portion 
of the spectrum, for either iron or titanium. The general law was 


1 Astrophysical Journal 4, 212, 1896. 
2 Tbid., 29, 160, 1909. 
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TABLE I 
IRon 
yg | 3 Mean De-| No. of ga | S Mean De-| nig of 
n 4 & a viation | Plates * 3 & sg vinton | Plates 

3609.008 | 1 | b | 0.008 I 3 4202.198 | 1 | b | 0.025 9 6 
3618.919 | 1 | b | 0.011 I 3 4204.101 | 3 | b | 0.017 I 2 
3631.605 | 1 | b | 0.015 I B 4210.4904 | 5 | € | 0.053 2) 2 
3647.988 | x | b | 0.012 4 B 4216.351 | 3 | b | 0.015 2 2 
3080.069 | 1 | a | 0.007 2 3 4227 (606 |) 51) aa) Onrk Io 6 
3687.610 | 1 | b | 0.016 I B 4233-772 | 5 | d | 0.09 20 7 
3705.708 | I | @ | 0.007 2 3 4230.112 | 5 | d ; 0.09 20 8 
3709.389 | 1 | b | 0.013 I 3 4250.287 | 5 | c | 0.070 4 2 
3720.084 | I | a@ | 0.014 I 8 4250.945 | 2 | b | 0.022 4 pe) 
B7221720)|) Lana al) OOO 2 3 4260.640 | 2 | ¢ | 0.051 8 8 
3727.770 | L,| & | 0.014 2 @ 4271.934 | 1 | b | 0.022 3 Be) 
3733-469 | I | a@ | 0.007 I 3 4282565) |) | bo los020 4 7 
3735-014 | I | b | 0.013 2 3 4291.630 | 3 | a@ | 0.014 ° I 
3737-281 | I | @ | 0.016 2 3 42904.301 | 2 | b | 0.029 5 6 
3743-508 | 1 | b | 0.015 I 3 4299.410 | 5 | d | 0.09 20 6 
3745-717 | I | @ | 0.008 ir 3 4308.081 | rt | b | 0.021 5 a 
3740.058 | 1 | a | 0.008 I 3 4315.262 | 3 | b | 0.019 3 7 
3748.408 | 1 | a | 0.010 I 3 4325.939 | 1 | b | 0.020 4 Fj 
3749.631 | 1 | b | 0.017 2 3 4337210 || 3\|(Ds|*02027 2 7 
3755-375 |) f)| 0 | 0.022 2 3 4352.908 | 3 | b | 0.017 2 7 
3763.945 | I | b | 0.017 I 3 || 4369.941 | 3 | & | 0.023 3 5 
3765.689 | t | b | 0.013 2 3 4376.107 | 3 | @ | 0.018 2 Fj 
3767.341 | 1 | b | 0.017 I 3 4383.720 | 1 | b | 0.027 4 7 
3788.046 | r | b | 0.016 I 3 4404.927 | 1 | b | 0.02r Zi 7 
3705147) Lal OninOnOxLs 2 3 4407.871 | 4 | ¢ | 0.053 2 2 
3815.987 | 1 | b | 0.024 2 3 4408.582 | 4 | ¢ | 0.058 2 2 
3826.027 | 1 | b | 0.021 4 4 4415.293 | 1 | 6 | 0.018 5 7 
3827.980 | 1 | b | 0.019 2 4 4422.741 | 3 | b | 0.018 3 2 
3834.364 | 1 | b | 0.016 5 4 4427.482 | 3 | @ | 0.017 3 7 
3886.434 | 1 | a | o.o1r 3 Io 4430.785 | 4. | ¢ | 0.048 8 4 
3887.196 | 1 | b | 0.022 4 5 4442.510 | 4 | ¢ | 0.053 9 7 
3888.671 | 1 | b | 0.020 3 6 4443.365 | 3 | b | 0.019 4 6 
3895.803 | 1 | @ | 0.011 4 7 4447.892 | 4 | ¢ | 0.051 9 7 
3809.850 | r | a | 0.012 5 Io 4454.552 | 3 | b | 0.023 e: 2 
3903.090 | 1 | Bb | 0.022 2 6 4459.301 | 4 | ¢ | 0.051 8 5] 
3906.628 | 1 | a | o.orr 4 7 4461.818 | 3 | a@ | 0.015 3 7 
3920.410 | r | @ | 0.010 3 8 4466.727| 4 | b | 0.018 4 if 
3923.054 | r | @ | 0.011 3 9 4476.185 | 4 | 0 | 0.021 g 7 
3928.075 | 1 | a | 0.012 4 9 4489.911 | 3 | @ | 0.015 2 2 
3930.450 | I | @ | 0.013 3 8 4404.738 | 4. | ¢ | 0.053 8 6 
3956.819 | 4! b | 0.014 5 5 4528.798 | 4 | ¢ | 0.061 4 5 
3969.413 | 1 | b | 0.022 3 8 ADSE.327 13 |nOn|<OnO2G 2 4 
3977-891 | 4 | b | 0.017 4 3 4859.928 | 5 | c | 0.100 4 2 
3997-547 | 4 | 0 | 0.015 3 4 || 4871.512 | 5 | ¢ | 0.080 5 4 
4005.408 | r | b | 0.019 B 9 48726332505 sGuInOnOO4. 5 4 
4045.975 | 1 | b | 0.023 4 5 4878.407 | 5 | ¢ | 0.087 2 2 
4063.759 | 1 | b | 0.020 5 5 4890.948 | 5 | c | 9.070 8 4 
4071.908 | 1 | b | 0.021 4 5 4891 .683 | 5 | ¢ | 0.052 I 4 
4132.235 | 1 | b | 0.024 5 5 49019.174 | 5 | c | 0.072 3 4 
4134.840 | 4 | b | 0.027 2 2 4920.685 | 5 | ¢ | 0.082 5 4 
4144.038 | 1 | b | 0.029 6 6 4957.480 | 5 | ¢ | 0.083 5 4 
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TABLE I—Continued 
2 & Mean De- NOt OF ely Mean De- 
aN 3 g A viation Plates PN 4 g A viation Dees 

4957.785 | 5 | ¢ | 0.086 3 3 5659.052 | 5 | d | 0.15 10 2 
5227.362 | 4 | @ | 0.031 5 6 || 5975-575 | 4 | & | 0.054 7 2 
Be23. 822)! 5) d | 0.11 20 4 6027.274 | 4 | b | 0.062 6 3 
5266.738 | 5 | d | 0:13 30 2 6065.709 | 4 | b | 0.077 5 4 
5200. 722) |) ti a | 0.027 8 6 6136.829 | 4 | b | 0.082 7 4 
5270.558 | 4 | @ | 0.029 B 5 6137.015 | 4 | b | 0.078 2 4 
ae4L 373) 5) | a | Orr? 20 5 6157.945 | 4 | b | 0.041 8 3 
5328.236 | 1 | @ | 0.029 3 6 6173.553 | 4 | b | 0.067 5 2 
5328.606 | 4 | a | 0.026 RB 2 6191.779 | 4 | & | 0.086 4 4 
5333-089 | 4.| a | 0.029 3 2 6200.527 | 4 | b | 0.079 se) 2 
SoAOsT20)) £ | ad | 0.54 20 3 6213.444 | 4 | b | 0.072 4 3 
5341.213 | 4 | a2 | 0.028 I a 6219.494 | 4 | 5b | 0.073 2 2 
53722734012 |e | 0.020 2 6 6230.943 | 4 | 6 | 0.070 5 4 
BOOS ATs | Sule s| O54. Io RB 6246.535 | 5 | d | 0.28 Io 3B 
5307-344 | 4 | @ | 0.029 2 6 02522773) \"As|nO NNOLO7/7 #3 6 
5405.989 | 4 | @ | 0.027 3 6 6254.450 | 4 | b | 0.064 4 5 
5429.911 | 4 | a | 0.02 2 6 6256.572 | 4 | b | 0.089 5 4 
5434-740 | 4 | @ | 0.027 2 6 6265.348 | 4 | b | 0.070 4 5 
5447-130] 4 | @ | 0.031 3 6 6298.007 | 4 | b | 0.068 2 I 
5455-8341 4 | @ | 0.029 I 5 03052713 |) Sn) 0-25 30 2 
5476.500 | 4] @ | 0.029 2 8 6318.239 | 4 | b | 0.080 4 2 
EATOr so a5 i @2| O.2E Io 2 6335.554| 4 | 0 | 0.074 3 2 
5497-735 | 3 | @ | 0.030 zB; 8 6337.048 | 5 | d | 0.26 Io 2 
5501.683 | 3 | @ | 0.030 3 B 6393.820 | 4 | b | 0.072 7 2 
5507.000 | 3 | @ | 0.031 4 3 6400.217 | 5 | d | 0.24 Io 2 
5535-044 | 4 | @ | 0.034 4 3 6411.865 | 5 | d | 0.23 Io 2 
5569.848 | 5 | d | 0.14 Io 5 6421.570| 4 | b | 0.068 2 2 
Sewsrors | & | @ \-O.F4 Io 5 6431.066 | 4 | b | 0.068 4 2 
Be TOEs2oNis |as| 0220 Io 2 6495.213 | 4 | b | 0.065 4 2 
5586.991 | 5 | d | 0.12 2 Z 6546.479 | 4 | b | 0.073 3 2 
5603.186 | 5 | d | 0.15 Io 2 6593-161 | 4 | b | 0.076 6 2 
BOLSES TT Sy CoO. 20 2 6594.121 | 4 | b | 0.070 2 2 
5624.769 | 5 | d | 0.16 Io 2 6678.235 | 4] b | 0.086 I 3 
5638.488 | 5 | d | 0.15 Io 2 


stated by Hale in 1902" for the spark under pressure, but Duffield’s? 
observations upon the iron arc between A 4000 and A 4500 did not 
appear to indicate the same effect for this source. Apparently the 
discrepancy is due to the comparatively limited region of spectrum 


investigated by Duffield. 


2. The number of unsymmetrical bright lines increases toward 
longer wave-lengths. This is true particularly of the high- 
temperature lines of iron, the low-temperature lines (those relatively 


t Astrophysical Journal, 15, 227, 1902. 
2 Phil. Trans., A 208, 111, 1908. 
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Io 
TABLE II 
TITANIUM 
Arc SPARK 
oN Crass |GRouP Mean De- Mean De-| no of 
= Ne skch Plates mee Plates 

3729-952 | I Or leer id Cand Rake 
B7AL205 | at O.OIL I NG lis Ske 
Lipase A eet pele Po baie Mgt 

732 I a@ | 0.00 2 DEE. ayers 
at ae I Re ROLOLL 4 A caver Enhanced line 
3761.464 | I he 0.008 I AN eerste ie Enhanced line 
3771.798 I a 0.007 3 aD) esc Ak a Efe 
3898.645 ! 3 a@ | 0.014 3 4 | 0.019 I 3 ‘ 
3000,081) |) Sy 2 |1On034 | aer2 5 | 0.041 5 4 | Enhanced line 
3901.114 | 2 a | 0.010 4 5 | 0.019 4 2 
3904.926 I a@ | 0.019 4 7 0.023 3 4 ; 
39013.609 | 3 “3 0.036 4 6 | 0.037 3 4 | Enhanced line 
39014.477 I a@ | 0.006 2 (oN Ko WK} 7 / 2 4 
3921.563 I @ | 0.005 az 6 | 0.013 4 4 
3024.673 I a | 0.010 2 6 | 0.020 4 4 
3926.465 4 ae 0.048 5 5 0.042 2 23 
3930.022 I a | 0.008 3 6 | 0.018 3 4 
3947 .918 I a@ | 0.004 2 6 0.014 4 4 
3948.818 | I Gy tOLorg 2 7a LOLO2E 6 4 
3956.476 I a 0.010 2 6 0.021 4 4 
3958.355 I a | 0.015 3 72 WOn020 I 3 
3962.995 I a@ | 0.010 4 6 | 0.021 I 4 
3964.416 | I a@ | 0.010 3 6 | 0.022 7 4 
3981 .917 I a | 0.016 4 8 | 0.022 3 3 
3982 .630 I a | 0.006 2 6 | 0.020 &: 4 
3989.912 I a | 0.016 3 9 0.016 7 3 
3998.790 I a | 0.016 5 On 20.015 3 3 
4009 .079 I a | 0.008 2 5 0.019 at 4 
4009 .807 2 a | 0.009 2 5 0.020 2 4 
4021.893 | 4 oe 0.051 2 Qt ol Niaveees ns a 
4024.726 I a | 0.008 I 4 | 0.021 I 4 
4028.497 | 3 ay (hOsOrs 2 2) lee be oe Enhanced line 
4060. 415 I @ | 0.015 2 4 | 0.025 4 4 
4065.239 | 1 @ | 0.011 2 4 | 0.023 2 4 
4078 .631 I CMEIRO. 005; I 4 | 0.017 2 4 
4082.589 I @ | 0.019 4 AL n0.025 3 4 
40909.327 | 4 a@ | 0.028 3 4 | 0.025 i 2 
4112.869 I a@ | 0.014 3 4 1|1O.0r5 I 4 
4I51.129 | 4 a | 0.034 7 4 | 0.031 2 3 
4159.805 4 a 0.035 4 4 0.025 I 2 
F(X sie) || 7h) An |) @xxeyan 2 a eee Enhanced line 
4164.27 4 a 0.031 9 7 Namen | Se se 
4166.45 4 a@ | 0.030 3 Bon Useeaaes 
4169.46 4 a | 0.034 I By A exes a 
ATG imo Tom taeA @ } 0.035 2 4 | 0.044 ° 2 
4172.066 | 4 ae 0.042 2 Pg es 3 Enhanced line 
4174.61 4 a 0.035 7) Ra ERO 
4183.45 4 a | 0.040 I BN rae aie 
4186. 280 I @ | 0.016 3 5 0.030 I 4 
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I2 
TABLE Il—Continued 
Arc SPARK 
r Crass |GROUP Mean De- Mean De- N 
A viation Ret 4 Vino ae 
4451.087 I a | 0.029 2 9 | 0.037 3 3 
4453-486 | 1 a | 0.040 4 Io | 0.045 3 9 
4453.876 I a 0.026 5 5 0.042 2 2 
4455-485 | I a | 0.041 2 9 | 0.048 2 8 
4457 .600 I a 0.039 3 Io | 0.044 4 9 
4405.975 I @ 10.025 2 LO, 07.028 4 9 
T6866 4 ES 0.046 4 6 | 0.059 7 8 | Enhanced line 
4471.408 I a 0.024 4 Io 0.029 4 9 
4475 .026 4 oe 0.074 4 abies = He 
4479.879 4 a 0.027 2 is 0.025 I 2 
44800752003 | 020277 4 Sa |Ono32 4 2 
4481. 438 I a | 0.023 2 LOn OFO3E 3 9 
4488.493 | .- Ree Rear i pot |nOROSA 7 2 | Enhanced line 
4489. 262 I a@ | 0.029 5 6 | 0.033 4 8 
4501.445 | 4 ve 0.046 4 6 | 0.063 6 8 | Enhanced line 
4512.906 I a 0.029 2 Io 0.039 4 9 
4518.198 | I @ | 0.029 2 Io | 0.039 3 9 
4518.866 | 3 a@ | 0.025 5 5 0.029 I 2 
A4522.074 | I @ | 0.031 3 Io | 0.040 4 9 
4527.490 | I a | 0.029 3 Io | 0.041 4 9 
4533-419 I Db OCR 2 IO | 0.036 3 9 
4534-139 | 3 i 0.044 5 6 | 0.063 8 7 | Enhanced line 
4534-953 | 1 a@ | 0.034 3 Io | 0.036 5 9 
4535-741 I @ | 9.029 3 9 | 9-031 3 3 
4536.094 | 1 @ | 0.023 a 4 | 0.036 2 2 
4536.222 I @ | 0.031 I HN Wares had a 
4544.864 I @ | 0.03r 2 IO} |)0.035 2 9 
4548 .938 I @ | (0.035 2 Io | 0.039 6 9 
4549.808 | 4 | .. | 0.048 2 6 | 0.062 8 8 | Enhanced line 
4552.632 I @ | 0.029 3 Io 0.041 3 9 
4555-662 I @ | 0.029 2 8 | 0.041 3 9 
4562.814 | 3 @ | 0.008 I 5 0.026 5 2 
4563-030) | 4°... ||) 02034 4 6) 0.053 6 7 | Enhanced line 
4572.156 | 4 0.051 § 6 | 0.065 4 8 | Enhanced line 
4500.126 | .: Litiys. | EAR ¥ Be || Cac: 5 2 | Enhanced line 
4617.452 I @ | 0.029 2 5 0.038 ii 2 
4023.279 I @ | 0.027 3 5 0.040 4 2 
4629. 521 I a@ | 0.037 4 5 | 0.042 4 2 
4638.050 4 a 0.043 3 fe WANn cece oes as ot 
4645. 368 I a@ | 0.039 6 3 0.043 Zz 2 
4650.193 | 4 @ | 0.037 4 3 0.040 4 2 
4656.644 I a 0.017 2 3 0.027 2 2 
4667.768 I a 0.020 4 3) 0.023 I 2 
4675.2904 | 4 a 0.030 I B 0.051 2 2 
4082.088 | I @ | 0.018 2 3 | 0.018 i g; 
40901 .523 I a | 0.038 2 Re letioteec ae ms 
4698 .946 2 @ | 0.037 2 3) 02030 2 2 
4710.368 I @ | 0.041 4 3 0.046 7 2 
4722.707 4 a 0.036 4 BN Base % 
4723.359 | 4 a@ | 0.040 2 Be a tees 
ATA2RO7 Oe" a@ | 0.037 4 3. | 0.040 2 2 
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TABLE I1—Continued 
Arc SPARK 
oN Crass | GROUP Mean De-| no, of Mean De- , 
- viation | plates) % | V#8tlOn | Plates 

5147.052 4 a 0.017 I 4 0.022 2 2 
RS eo Om! @ | 0.018 2 4 | 0.024 2 2 
5173-917 I @ | 0.023 2 2 | OLO2E ii 2 
STO8.130) | = @ | 0.019 4 7 | 0,022 3 5 
5210.555 I @ | o20r5 3 (a Ko od 40) 2 4 
S202 50Smi 4. a | 0.047 2 Bell Wome xe aa 
5219.875 3 a 0.025 4 3 0.037 2 2 
5238.742 3 a 0.048 2 3 0.041 2 3 
5246.30 4 a 0.018 2 Ce ee oat Hs we 
5246.733 | 4 @ | 0.033 2 PHS Si oe an oe 
§251.085 | 4 @ | 0.027 6 2. il mavtatt. ds oe 
5252.276 iB @ | 0.023 2 3 0.031 2 3 
S255 e073 0S 3¢ 0.29 50 3a | cement : es 
5260.142 5 an 0.33 30 OEP cra kes F as 
5263.669 | 5 ake 0.26 | IIO 3 Eli eaters : am 
5206.141 Som aes Only, 20 Neat ed es an 6 
5252115700) 93 a@ | 0.028 5 3 0.042 I 3 
GS 283),003 aims oe 0.15 20 Reo ero ct he te 
5 284.601 % @ | 0.035 9 3. irae a ae 
5289.02 4 a@ | 0.042 5 Ze vreoectays he he 
5295-055 | 4 a@ | 0.027 3 3 | 0.048 2 3 
5297-407 | 5 Be 0.13 5 We ek Ber ste ve 
5298.672 5 ne 0.088 5 Be y\\ yey fe no 
5300.152 | 3 a@ | 0.030 6 cea eon ke OF is 
53024221 es @ | 0.035 I 2 in | ieee ats ai 
38505 17s @ | 0.043 5 Oye Sa eeers as ac 
5341.77 4 @ | 0.068 4 Palle Frees the An ae 
5351. 261 5 a 0.27 20 RH dP isinoe ¢ AS ae 
5366.827 | 3 @ | 0.032 I 3 0.043 2 3 
5369.782 4 @ | 0.027 2 3 0.030 3 3 
5389 .371 & a 0.029 3 2) Myleene bis Re 
5390.203 | 4 a2 | 0.029 2 20 | TOsO52 2 3 
SZQ0R 779 aes @ | 0.018 2 g 0.053 te 3 
5404.25 4 @ | 0.057 6 3° le Rae oe oc ae 
5409.81 4 @ | 0.015 I 2 0.042 I QB 
5419.42 4 @ | 0.047 6 31> | ehietes: ee ae 
5420.474 3 a 0.029 9 3 0.044 I 3 
5429.349 | 4 a@ | 0.044 I ce Gta ace ys si 
5430.938 | 3 @ | 0.046 II 2 0.043 2 3 
5438.507 | 3 @ | 0.053 6 2)” Fi Goeaauers ae eis 
5446.797 | 3 @ | 0.027 Gh 3 sl Seeepeees ic ee 
5453-860 | 4 a 0.051 4 3 0.046 3 3 
5400. 721 B a 0.019 5 R 0.035 I 3 
5471.414 | 4 @ | 0.037 2 3 | 0.045 Tt 3 
5472.90 4 a | 0.030 I BN anes 5 +a 
5474-430 3 a 0.029 2 Sn cote a Bs 
5482.078 3 a 0.028 3 37a eae ae ae 
5490. 367 4 a 0.038 5 RW ena jie bs 
5504.117 | 4 a@ | 0.074 4 5 ae ah Ne 
5512.013 | 3 @ | 0.021 I Or oa sec ac om 
5512.741 I a 0.044 6 3 Pol stects ne oe 
aa oe See ee ene ue he Se 
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TABLE IIl—Continued 


Arc SPARK 
at Crass (GROUP Mean De- Mean De- 
Bey No. of eae No. of 

a ee Plates = br rane Plates 
6556.308 | 4 a | 0.049 ° 2 | 0.059 2 3 
6509-353 3 a | 0.035 15 @ 0.052 I 3 
6719.90 4 a 0.058 3 OT Eeeradees ; 
6861.770 4 a 0.084 2 PT terest 


strengthened at low temperatures) being symmetrical and, though 
broad, fairly well defined as a rule. 

3. Except in the ultra-violet the enhanced lines of titanium are 
always bright in the arc under a pressure of g atmospheres. In the 
titanium spark at the same pressure they are usually faintly reversed. 
This agrees with Duffield’s hypothesis that conditions in the electric 
spark are more favorable to the production of reversals than they 
are in the arc. 

4. The number of reversed lines at a pressure of 9 atmospheres 
is somewhat less than that found by Duffield' for pressures of 20 
to 25 atmospheres. This agrees with the conclusion of Humphreys 
that in the case of iron, for moderate pressures at least, the number 
of reversals increases with the pressure. 

Some additional characteristics of certain of the lines will be 
referred to in the course of the discussion of the displacements. 

Since our work upon the iron spectrum has been limited to the 
arc, and all of the photographs have been taken at a pressure of 
g atmospheres, while the results for titanium include both arc and 
spark, and for some of the lines a variety of pressures as well, we 
shall discuss the displacements for the two elements separately. 


IRON 


In the following table we have compared our results with the 
most recent values obtained by Humphreys and by Duffield? for 
such lines as are common to all three sets of observers. To reduce 
to a value of g atmospheres total pressure, Duffield’s values for 

t Phil. Trans., A 208, 111, 1908. 

* Jahrbuch der Radioaktivitat und Elektronik, 5, 324, 1908. 
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rz atmospheres are reduced by one-fifth, while Humphreys’ values 
for 42 atmospheres are divided by the quantity 5.1. Series B in 
Duffield’s investigation has been used, as this is considered pref- 
erable by the author. P 


A Humphreys Duffield Gale and Adams 
WIN ACE | es a ACRE 2.020 0.021 0.024 
AFAR SOZS'. 3 <'etaharea a .023 .O21 -029 
OOD TOSS 5 e aiareiara .O14 .O17 .025 
ADA SRE Sore cea ace .0O47 -144 .090 
ADR OS OA Gey cin(a x20, st .O17 .o18 .022 
7:12 15.0% GY, (ee .048 .O51 .O5I 
BOI OSA oc oe6, os .o16 .O17 .022 
ASE Be SOS: hse ci os, «0% . 009 .o18 .O21 
PES OMRSO Deh rse ctnn < .O17 .O19 .029 
BSOSSOOE. seis > Deiat .o18 -O19 .O21 
ABER COO De sti ae .007 .O13 .O19 
ABE tO SO crate aiee .O19 .026 .020 
ASR DEO si sia tere cccps .o18 .034 .027 
ARG DI OGOGs we ci Ss oe .O10 .020 .O17 
ARO OAD arise «te .OII .026 .023 
ORONO TE nec 6.c s .008 .O17 .o18 4 
ARON SO2 Picieia coarse .022 .043 .O2T 
ATR 20) Sie pee) ona a aka -O17 .033 .018 
PHOS AT rhe = tests -O13 .022 .018 
(PONE: DP, Vos oR ong .OII .o18 .OL7 
BACT oer esis pos 7 .057 .048 
HAARE SEOs s 2 ois .037 .057 .053 
AAA BSE ROS So as de os .O12 .022 .O19 
GRAFT IOSG 2 oo ese ee .035 .062 .O51 
BARAUE RO: 6 oc os ar .O16 .018 RO23) 
BARGES OT i ov c.2hsn [035 .063 .O51 
ACER OUO Sy. rie\- Si o's .O12 .018 .O15 
FLAS ey Rog fete RS .OIL .O21 .018 
MG | old fol Rene ROR .O14 .O2T .O2T 
MAGA Om ae sisc\=) 36) « .040 .058 .053 
YEN BS 2 7s © RU its 0.015 0.026 0.029 


If we omit the line > 4233.772, which is unsymmetrical and 
extremely difficult of measurement, a comparison of the remaining 
30 lines gives the following mean values: 


phovenyoINsieE, - paanacanoganonoDac 0.019 
cathe lee yest eosin ise 0.029 
Gale-andeAdamsmaanseieeiie eee 0.027 


The agreement of our results with those of Duffield is close, but 
the average value found for the observations of Humphreys is 
rather surprisingly small. This may be due in part to the fact that 
the linear relationship between displacement and pressure fails to 
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hold at high pressures, although this seems improbable in view of 
the very close accordance found by other observers for several 
elements and shown by our own measures upon the titanium spec- 
trum. A few of these lines measured by Humphreys in a previous 
investigation at lower pressures give distinctly larger values for the 
displacements, and these agree closely with those obtained by 
Duffield and ourselves. 

In any discussion of the effect of pressure upon the lines of the 
spectrum there is a natural tendency to institute a comparison with 
the other two causes which are known to affect different lines of a 
spectrum differently. The first of these is variation of temperature; 
the second is the presence of a magnetic field. 

The lines of iron which are strengthened relatively at low tem- 
peratures and which are usually referred to as ‘“‘flame”’ lines are 
well known. The most prominent of these lines for which we 
have determined the pressure displacements are the following: 


rN A a A 
30805000 erica ss ©.007 AEDT AS 2 ee eee 0.017 
BV OLN T OSM ET iiss .007 AAGTLOIS cee are -O15 
GS 7 DOVOOA eee reese .O14 AASQEOVI sis celtaes .O15 
37/2 2 OOOltar yee <i .O10 S227 5BO2 yarn iets .031 
BOR Ret eign doco eeor .007 G20Q N72 Seetse een eee .027 
GURY fiviel tna ae OAS .O16 53223 O see ieiee -029 
BANG LT stale rete i cktloxs .008 15333 <OGQ eetacis aici .029 
BT AOKOS Oeerciae creel: .008 GSAT. 213 aheMesrs meee .028 
B7AOPAOSM eet .OI0 S37 TA 7 Sa Mere .029 
39802 43 ar eerste cers .OIL 53070344 eteert: -029 
Rielookeek ai plowichexcec .OIL GAOS O80: tae ee .027 
Este a yates ys curve) aun -O12 SA2QsOLL saat -029 
Berl CPSs ac cece aad .OIL SABA 7AOn er levers: .027 
BOZO 4 1O)..,cctatsaneere .OI1O SAAT Ah 3 On aera .O31 
BO2Z35O54 weaierre carat .OII SASS 03 Aamir eee -029 
SOZSRO75 ede ce FOr? VG Sei Hikeln credo 26 .029 
BOSOrAS Ouse en aries .O13 SAO 75735 aera eet .030 
A201 .O20mcnr sone -O14 55 OL O08 emer: .030 
AS 7 OMLOT mr ere 0.018 BIS O Fic OOO) ni aenenekerers 0.031 


With the exception of the two lines A 4291.630 and A 4489.911, 
which are faint, all of these lines are suitable for measurement, 
being fairly sharp under pressure, and the precision of the results 

De Watteville, Phil. Trans., A 204, 139, 1904; Adams, Contributions from the 
Mount Wilson Solar Observatory, No. 40; Astrophysical Journal, 30, 86, 1909. 
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is high, especially for the more refrangible lines. Except in the 
violet region there are no reversed lines among them. 

It is apparent at a glance that the displacements given by these 
lines are decidedly smaller than those of the other lines in the same 
region. The average displacement of the 17 flame lines in the 
ultra-violet region is about o.o1o Angstrém, while the average for 
27 other lines in the same region is 0.015. In the green region the 
difference is even more striking, although here it is not possible to 
compare the flame lines directly with the other lines in the same 
region owing to the fact that the latter appear to belong to a totally 
distinct group as regards displacements, giving values about four 
times as great as the flame lines. We can, however, compute a 
value for this region from the value ‘in the blue region, assuming 
the law of variation according to the cube of the wave-length which 
seems to hold closely for these lines. In this way we obtain 0.044 
as against 0.029 for the flame lines. An interesting characteristic 
of the flame lines is the close agreement of the displacements of the 
different lines in the same part of the spectrum. This fact taken in 
connection with their behavior at reduced temperatures makes it 
very probable that they form members of a single group. An 
examination of the results obtained by King" for the electric-furnace 
spectra under pressure shows that the flame lines give distinctly 
lower displacements than the other lines in this source as well. It 
is worthy of note that in an investigation of the displacement of 
the spectrum lines at the sun’s limb? it was found that the flame 
lines in general gave smaller values than the other lines of the same 
element. 

A study of the relationship between displacements under pressure 
and separations in a magnetic field has been made by King? for a 
large number of iron lines and a considerable number of titanium and 
chromium lines. For the purpose of comparing the displacements 
and separations he has formed the quotients of all the lines for 

1 Contributions from the Mount Wilson Solar Observatory, No. 53; Astrophysical 
Journal, 34, 37, I91t. 

2 Contributions from the Mount Wilson Solar Observatory, No. 43; Astrophysical 
Journal, 31, 30, 1910. 


3 Contributions from the Mount Wilson Solar Observatory, No. 46; Astrophysical 
Journal, 31, 433, 1910. 
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which the data are available, and from a comparison of these 
quotients has concluded that no direct relationship exists between 
the two quantities, although for the average of large groups of lines 
the effects are in the same direction. 

It is hardly possible in this place to repeat the calculations with 
the use of the values of the displacements given in this investiga- 
tion. A few results, however, which can readily be confirmed are 
as follows: 

1. The use of the pressure displacements given here reduces 
greatly a considerable number of the largest differences found by 
King. As examples we may refer to A3920.410, A 3923.054, 
A 3928.075, 4 3977.891, 4 4315.262, and A 4376.107, all of which 
are brought into much closer agreement with the other lines. 

2. A majority of the serious discordances between pressure 
displacements and magnetic separations are in the cases of lines 
which are found to be complex in the magnetic field. Apart from 
the uncertainty of measurement of the separations of many of these 
lines, it is improbable on the basis of any of the theories of the 
Zeeman effect that there would be a direct relationship between 
separations and pressure displacements for such lines except perhaps 
for those of exactly the same type. We should expect rather that 
these lines would be greatly widened under pressure. It is inter- 
esting to note in this connection that nearly all of the strong flame 
lines in the yellow portion of the spectrum are complex in the mag- 
netic field, while many of the other lines are triplets. The former 
lines show some of the most serious discrepancies between separa- 
tion and displacement that are found in the entire list. Similarly 
in the violet part of the spectrum we may refer to the complex lines 
4A 4191.595 and A 4233.722, which show large differences. 

3. Since the pressure displacements for iron vary as the cube of 
the wave-length and the magnetic separations as the square, it is 
necessary in comparing the results to multiply the separations by 
the ratio of wave-lengths. This is found to bring the results in 
the less refrangible region of the spectrum into much closer 
agreement with those in the violet. 

4. It seems probable from the fact that the lines of iron appear 
to divide themselves into groups, both as regards pressure displace- 
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ments and magnetic separations, that the ratios of the two quan- 
tities may by no means be the same for different groups, although 
constant within any given group for the same types of lines. 

5. The significance of the agreement of very large and very 
small displacements and separations for certain lines seems to us 
of great importance. Of the former type we may mention the 
triplets A 4210.494, A 4407.871, 4 4430.785, and 4 4878.407. In 
the red we may refer to the triplet A 6302. 709, which is not measur- 
able under pressure but has an immense displacement. The evi- 
dence from the behavior of such a group of lines as that between 
A 4430 and A4461, for which displacements and_ separations 
unmistakably rise and fall together, is especially important. 

6. The number of very marked discrepancies between size of 
displacement and separation among the triplets is not large, but a 
few of them are very important. A single most striking case is 
4A 6173.553 which gives an average pressure displacement but an 
exceedingly wide separation. It is a wide triplet in sun-spots. 
Another case in which the discordance is not so great is 4 4071 .908. 

7. Three lines which show no measurable separation in a mag- 
netic field have been measured under pressure. Two of them, 
A 3746.058 and A 5434.740, give small displacements under pres- 
sure, while the third line, A 3767.341, gives an average value. All 
three are rather narrow under pressure. 

8. Attention should be called to the extreme sensitiveness of 
these comparisons to errors of observation. ‘To illustrate: if we 
- assume a magnetic separation of 0.350 Angstrém for a given line 
and a pressure displacement of 0.020 Angstrém, which is not far 
from an average value for the violet, we obtain the quotient 17.5. 
For the very best lines under pressure it is difficult to obtain prob- 
able errors of less than 0.002, which would produce a variation 
in the quotient of from 16 to 19. For many lines the probable 
error is several times this amount. Furthermore, our experience 
with titanium at different pressures indicates that the probable 
error increases almost in proportion to the pressure, so that the use 
of high pressures brings little gain on account of the deterioration 
of the lines. On the side of the magnetic separations errors of 
measurement also influence the comparisons, so that a very con- 
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siderable range in the results is to be expected from these sources. 
The type of separation also is very often uncertain, as is shown by 
the numerous changes in classification made by the same observer 
when different analyzing apparatus is used. 

In view of these results it seems to us that the balance of evidence 
is somewhat in favor of a direct relationship between pressure 
displacements and separations in the magnetic field for lines which 
are of the same type. For lines of complex type and for lines which 
under pressure become extremely unsymmetrical the values are 
discordant, a result which is not surprising. 


VARIATION OF DISPLACEMENT WITH WAVE-LENGTH 


As soon as the measures of the displacements for all the iron lines 
were completed we plotted the results upon a large scale, using 
wave-lengths as abscissas and displacements as ordinates. A simi- 
lar chart is shown in Fig. 1. The chart at once shows that certain 
groups of lines for which the average displacements differ widely 
apparently belong together. Furthermore, a comparison of the 
displacements of the flame lines with those of the other lines indi- 
cates clearly that such lines are to be considered as a separate group. 
In this way four groups have been found, and the lines included in 
each group are indicated in Table I by the letters a, 6, c, and d. 
Group a includes all of the flame lines and two or three additional 
lines in the yellow portion of the spectrum, which may be flame 
lines but for which observations are lacking. Group 0 is a large 
one and includes all lines of small displacements which are not 
included in group a. It may well be complex in nature but in the 
absence of criteria for separating it into smaller groups we are 
obliged to consider it as a unit. Group c consists of lines showing 
much larger displacements than those of group 6. It contains two 
fairly distinct clusters of lines, one in the violet and one in the blue 
green. The lines are all bright under pressure and especially in the 
green region unsymmetrical and difficult of measurement. Group 
d is made up of a very few lines in the violet, a fair-sized group 
in the greenish yellow, and a small number in the red, all of which 
show immense displacements. The lines are bright and widened 
enormously to the red, the wings extending sometimes from 5 to 10 
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Angstrém units. The precision of measurement upon these lines 
necessarily is very low, in some cases the determination amounting 
to little more than an estimate of the maximum within the broad 
band. > 

The average values of the displacements and of the correspond- 
ing wave-lengths for the lines forming these groups provide us the 


A=o. 300 


A= 4000 5000 6000 7000 


Fic. 1.—Displacement of lines of the iron arc at 8 atmospheres pressure. 


material for a discussion of the variation of displacement with wave- 
length. In the following table the results are collected for the four 
groups. The second column gives the mean of the wave-lengths of 
the lines for which the mean displacement is formed. The third 
column contains the mean displacements expressed in Angstrém 
units. The fourth column gives the number of lines for each 
portion of the group. It is evident from a simple inspection of the 
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results that the increase of displacement toward longer wave- 
lengths is much more than would be given by a law based on the 
first power of the wave-length. In the last two columns of the table 
are given the residuals for two hypotheses: first, that the displace- 
ment varies as the square of the wave-length; second, that it varies 
as the cube of the wave-length.. The reductions have been made 
by least squares, with weights assigned according to the number of 
lines. The fourth group is of course of very low weight compared 
with the others. 


ReEsmpuaLs (Oss. — Come.) 
‘MEAN MEAN L 

Group r KB No. Lines A\2 A\3 
a=(Z)* | a=(3)" 
Giger vtiie wees 3813 0.0105 a7 — 0.0032 +0.0002 
4409 .O158 5 —0.0025 —0.0001 
5398 .0292 19 +0.0017 — 0.0001 
Bae ithe hates 3791 .0164 27 —0.0072 +0.0007 
4287 .0219 29 — 0.0083 —0.0008 
6292 .0719 27 +0.0069 +0.0001 
Oigeecs alacant 4395 .0547 II —0.0058 —0,0020 
4902 . 0803 Be) +0.0051 +o0.0016 

Ove os he 4249 eye) 4 —0.01 +0.02 

5498 oil I5 —0.02 —0.01 

6339 Ones 5 +0.04 +o.o1 


These results are also shown graphically in Fig. 2. The points 
correspond to the observed, and the curves to the computed values, 
assuming the law of the cube of the wave-length. 

It is clear from the results that the displacements for all of the 
groups of lines are represented with a surprisingly high degree of 
accuracy by a law which involves the third power of the wave- 
length, and in view of the great range of wave-length covered by 
the observations this may probably with safety be assumed to be 
true of the entire iron spectrum. In some recent work by Rossi 
upon the arc spectrum of vanadium,? he concludes from his observa- 

«Strictly speaking the means of the second and third powers of the individual 
wave-lengths should be used instead of the second and third powers of the means of 


the wave-lengths, but the difference is negligible for the purposes of this comparison. 
? Astrophysical Journal, 34, 21, 1911. 
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tions that “the displacement seems to be roughly proportional to 
the square or a higher power of the wave-length,” and Duffield in 
his investigation of the iron spectrum found that the linear relation- 


A=0. 300 


0.050 


A= 4000 5000 6000 


Fic. 2.—Mean displacement and mean wave-length of iron groups. Curves 
represent computed, points observed, values. 


ship would not hold. Similarly Duffield in his discussion of the 
effect of pressure upon the arc spectra of silver and gold writes:* 

It seems at least certain that the displacement varies with a higher power 
of the wave-length than the first upon which it was previously believed to 
depend. The results of the present investigation favor a dependence upon 
the third power of the wave-length, and this agrees with some theoretical 
deductions made by Dr. O. W. Richardson.? 

From the results of his investigation of the iron spectrum 
Duffield concluded that there are three groups of lines for which 

t Phil. Trans., A 211, 66, 1911. 2 Phil. Mag., 14, 557, 1907. 
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the displacements are approximately in the ratio of 1:2:4. A com- 
parison with his results shows that so far as the same lines have been 
measured these groups are identical with our groups ), c, and d, 
except for the fact that we have included the flame lines in a sepa- 
rate group. In addition, the line A 4260.640 which Duffield places 
in group 3 is placed by usin group 6. It is a very unsymmetrically 
reversed line and subject to great variations in appearance under 
pressure. If we compare the violet portions of these groups, 
reducing to wave-length 4 4287, we obtain the ratios: 


b Cc d 

I 2.3 4.5 
Similarly Duffield has for his groups: 

I II III 

I 2.0 AS 


The agreement between the two sets of results is close and in 
view of the accuracy of the results the departure from the whole 
numbers seems to be sufficiently great to make the integer relation- 
ship improbable. If we include the group of flame lines we obtain 
the ratio 0.67 between groups 6 and a; or, if we reduce all values 
to group @ we find the relationship: 


a b ¢ d 
I Ts5 3.4 6.6 

If the first two groups are united we have the ratios 
I 205 4.9 


It seems to us therefore improbable that the displacements of 
the different groups of iron lines bear ratios to one another which 
are proportional to small integers. 


TITANIUM 


Two previous investigations of the arc spectrum of titanium 
under pressure are available. The first of these, by Humphreys," 
was carried on at pressures between 42 and ror atmospheres, and 
the second, by Rossi,? at pressures between 16 and tor atmospheres. 
Unfortunately very few lines are common to all three series of 

* Astrophysical Journal, 26, 18, 1907. 

? Proc. Roy. Soc., A 83, 414, 1910. 
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observations. A comparison with the results of Humphreys shows 
that our values are larger by about the same amount as in the case 
of iron. The average of the lines agrees well with that of Rossi, 
although there are some,large individual discrepancies. 

One of the features which stands out most prominently in these 
results is the behavior of the enhanced lines. A large majority of 
them show displacements decidedly larger than those of the great 
proportion of arc lines in the vicinity, in some parts of the spectrum 
the average difference amounting to as much as 50 per cent. The 
effect, however, is not true of all enhanced lines, such lines, for 
example, as 4 4338.084 and A 4443.976 showing small values as com- 
pared with neighboring arc lines. Nearly all of the enhanced lines 
present in the arc spectrum are bright at a pressure of 9 atmospheres, 
and being rather broad and diffuse are difficult of measurement. 
We have for this reason given especial attention to them, particu- 
larly in the region A 4300 to A 4600, and few of the values are based 
upon the measurement of less than four plates. The exceptional 
behavior of most of these lines is fully confirmed by the spark 
results, and is of marked interest in view of their importance in 
solar and stellar spectroscopy. 

An inspection of the results given in Table IT shows that the 
intermixture of the groups in the spectrum of titanium, if such 
exist, must be most complicated, and the simple expedient of plot- 
ting the displacements graphically, which proved so useful in sepa- 
rating the groups of lines in the iron spectrum, has been of little 
value. In the violet part of the spectrum nearly all of the lines as 
far as A 4080 are reversed and show small displacements. At this 
point, however, begins a series of unreversed lines extending to 
A 4285, which show relatively large displacements. Beyond A 4290 
both reversed and unreversed lines occur and the average displace- 
ment is less than in the region 4 4080-A 4290. In the green, yel- 
low, and red portions of the spectrum the number of reversed lines 
falls off steadily but the displacements are found to range between 
very small and very large values, although showing a marked 
increase on the average. There is probably little doubt that the 
collection of lines showing displacements of some 0.2 Angstrém in 
the green and yellow parts of the spectrum form parts of a group 
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similar to group d in the iron spectrum, The violet members of 
this group may perhaps be A 4318 and A 4321, which have displace- 
ments of about o.1 Angstrom. These lines are all unreversed and 
immensely widened toward the red, and very similar in appearance 
to the iron lines of group d. 

A comparison of the titanium lines of group a with those which 
are affected in sun-spots shows that the lines which are most 
strengthened in spots as a rule show small displacements under 
pressure, although the agreement is by no means perfect. The 
fact that the number of low-temperature lines increases very 
rapidly in the less refrangible parts of the spectrum may account, 
perhaps, for the lower average for the displacements of the titanium 
lines in these regions. 

In view of the impossibility of separating the groups in the 
titanium spectrum it is perhaps not surprising that a general com- 
parison of our pressure displacements with the separations in a 
magnetic field gives little evidence of any direct relationship between 
these quantities. As in the case of iron, the use of these displace- 
ments instead of those of Humphreys reduces in a marked degree 
the number of large discordances for lines which are simple triplets in 
the magnetic field. Such lines, however, as A 4841.074, 4 5040.138, 
and A 5120.592, which show very small pressure displacements but 
average separations, must necessarily form part of a separate group 
and a much larger number of groups than in the case of iron must 
be assumed in order to account for the wide variations observed. 
The question must be considered an open one. 

The relationship between displacement and wave-length in the 
case of titanium clearly is complicated by the presence of the differ- 
ent groups of lines. A rather surprising result is given if we form 
simple means of the displacements for definite regions of the spec- 
trum. Omitting the enhanced lines and some lines with very large 
displacements already referred to, the remainder (indicated by a 
in Table IT) give the average values on the following page. 

In the last two columns are given the residuals, assuming: first, 
that the displacement varies as the square of the wave-length; 
second, that it varies as the third power of the wave-length. The 
results show clearly that the law of the square of the wave-length 
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satisfies the observations the more closely. In the iron spectrum, on 
the other hand, the law was found to be the third power of the wave- 
length. As already indicated, the relatively large value of the 


2 


Resipuats (Oss. — Comp.) 
REGION a a No. Lines 
2=(2)e | (3) 
Do ~ \ do 
3700-4700... 4288 0.0250 IIs +0.0016 +0.0064 
4700-5700... 5142 0.0344 100 +0.0008 -+0.0023 
5700-6900... 6127 0.0439 38 — 0.0038 —0.0102 


average displacement in the violet is due to a considerable extent 
to the group of unreversed lines of large shifts between A 4080 and 
A 4285. If these were omitted, however, and only reversed lines 
considered throughout the entire spectrum, the difficulty would 
remain that the reversed lines in the region 4 4400 to A 4600 give a 
value of the displacement quite as large on the average as do the 
reversed lines in the region A 4800 to A 5200. Accordingly it seems 
impossible without separating the lines in a very arbitrary way to 
obtain a series of average displacements which will harmonize with 
a law based upon the third power of the wave-length. It is sufficient 
to state that for the general averages of large numbers of lines taken 
throughout the spectrum tlie law of the square of the wave-length 
seems to hold closely, and to leave further discussion to a time when 
it is possible to distinguish groups in the titanium spectrum. 

It may be of interest in this connection to call attention to some 
other results which suggest the possibility that the law of variation 
of displacement with wave-length may differ between titanium and 
iron. At the sun’s limb the lines of nearly all the elements are 
shifted slightly toward the red relative to their positions in the 
spectrum of the center of the sun," a result due probably to the 
greater influence of the lower strata of gas in the production of the 
lines in the limb spectrum. A study of the displacements of a large 
number of lines of different elements by Adams? shows that in the 
case of iron the change of displacement with wave-length is not 

tHalm, Astronomische Nachrichten, 1'73, 273, 1907- 

2 Contributions from the Mount Wilson Solar Observatory, No. 43; Astrophysical 
Journal, 31, 30, gto. 

143 


30 HENRY G. GALE AND WALTER S. ADAMS 


far from proportional to the square of the wave-length, while in the 
case of titanium it is much less, being more nearly proportional to 
the first power. In other words, if two groups of iron and titanium 
lines had the same average displacement in one part of the spectrum 
i,, in any other part A the average displacements would bear the 
relationship 


This is the same result as that which we have found for iron and 
titanium under pressure. Conditions in the sun are, of course, 
very complicated, and the displacement of each line depends upon its 
level, the amount of scattering and absorption of light in different 
portions of the spectrum, the thickness of the absorbing vapor, and 
many other factors as well. For these reasons we might expect 
that the law of variation of displacement with wave-length would 
differ from that found in laboratory spectra. Unless we assume a 
radically different level for iron and titanium in the solar atmos- 
phere, however, we should expect the two elements to bear the same 
relationship to one another in the sun as that which they bear in 
the laboratory, and this appears to be the case. 

Another result which may have a bearing upon the question of 
a difference in the laws of variation of displacement with wave- 
length for different elements is contained in a few measurements we 
have made upon some series lines in the spectrum of calcium at a 
pressure of 9 atmospheres (total). The second subordinate series 
of calcium contains a triplet in the violet beginning at » 3949 and 
a triplet in the red at X 6102. The red lines are fairly well measur- 
able, but the violet lines are extremely poor in quality. We have, 
however, succeeded in obtaining a few measures upon two of them. 
The results follow: 


PN A No. Plates 
BOS Fink Tifa cams 0.081 a 
307 BOA eareeoniee .085 3 
OLO2hO3 nee ee .139 2 
OT22 43 Aree utr .136 2 
OL62=300r meer 0.137 2 
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The close agreement of the separate lines is largely accidental, 
as their quality is not such as to warrant it. Averaging the two 
sets of lines we find: 


A A Obs.— Comp. 
BOOS ceierynnts.c sees 0.083 —0,003 
OPQ earch okcsl oars wie ek Oni +-0.004 


It is clear that the relationship between displacement and wave- 
length for these results is very nearly a linear one. The last column 
gives the residuals on such a hypothesis. Since these are series lines 
there can be no doubt of their connection with one another, and 
although the accuracy of measurement is low, it is hardly probable 
that the results can be in error sufficiently to admit of a law con- 
taining the second power of the wave-length, much less the third. 

Although it is not possible to consider differences in the law of 
change of displacement with wave-length for different elements as 
established by these results, there is perhaps sufficient evidence to 
warrant a reference to the chemical relationship of the three ele- 
ments. Calcium, titanium, and iron appear in the second, fourth, 
and eighth groups of the Mendeléjeff table, with atomic weights of 
40, 48, and 56, and atomic volumes of 25, 13, and 7, respectively. 
It is perhaps conceivable that the law which connects pressure dis- 
placement with wave-length may be different for the different 
groups of the Mendeléjeff table. 

The principal question remaining for consideration in these 
results is that of a possible difference between the displacements 
of arc and spark lines at the same pressure. The quality of the 
spark lines under pressure unfortunately is as a rule by no means 
equal to that of the corresponding arc lines, the reversals being 
much wider and more diffuse and the unreversed lines often less 
symmetrical. An inspection of the tables shows a marked tendency 
toward higher values for the spark displacements. Probably the 
most accurate results may be obtained from a comparison of a list 
of 20 lines, none of which is enhanced, between A 4427 and A 4555, 
employed in an investigation of the variation of displacement with 
amount of pressure and given in Table III. These lines have been 
measured upon an exceptionally large number of spark photographs 
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so that the results obtained should be reasonably comparable in 
accuracy with the arc values. Taking the means of the displace- 
ments of these 20 lines we find the values: 

Aspark = 0.037, Aarc=0.030; OF Aspark — Marc = 0.007 Angstrom. 
Very nearly the same value is given by a comparison of the lines 
throughout the entire spectrum. It seems hardly probable that a 
difference of this magnitude can be due to uncertainty of measure- 
ment, and the fact that arc and spark photographs were taken under 
exactly the same conditions, sometimes alternating with one 
another, reduces the probability of instrumental source of error. 
Since the reversals of the spark lines are broader than those of the 
arc it is possible that the larger displacements in the spark are due 
to an average widening of the reversals toward the red more than 
toward the violet, and as the amount of this effect would no doubt 
be peculiar to each line it might well account for the large variations 
between separate lines. The reversals in most cases, however, 
appear symmetrical upon the photographs. 

In the case of the enhanced lines the differences between arc and 
spark displacements are even more marked. The average differ- 
ence for all of the enhanced lines which occur in both lists is 0.014 
Angstrim, or about twice that found for the other lines. The 
values are 

Aspark=0.051; Agre=0.037. 
The enhanced lines in the spark spectrum are exceedingly difficult 
of measurement, but there probably can be little question of the 
existence of a difference of considerable size. The percentage of 
increase of the spark values over those of the arc also is greater 
than for the other lines. 

The important question whether the relationship between dis- 
placement and amount of pressure is strictly linear has been con- 
sidered by all who have carried on pressure investigations. 
Humphreys, Duffield, and Rossi have all shown that over a wide 
range of pressures, for the most part above 15 atmospheres, the dis- 
placements are directly proportional to pressure within the accuracy 
of the observations, although Duffield found some contradictory 
results between 15 and 25 atmospheres. In order to make an 
accurate test of the law at low pressures we have taken a special 
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series of photographs of the titanium arc in the region A 4300- 
A 4600 at pressures ranging from 2 atmospheres to 16 atmospheres 
above atmospheric pressure. A few photographs in a partial vacuum 
have been obtained as well. We have selected a list of 20 lines, all 
of which are reversed and well adapted for measurement on these 
photographs, and have used the averages of the displacements of 
these 20 lines at the various pressures for purposes of comparison. 
The results for each line together with the mean deviations are 
given in Table III. 


TABLE IIt 
2 ATMOS. 4 Atmos. 6 Aros. 8 Armos. 12 ATMOs. 16 ATMos, 
6 PLATES 4 PLATES 4 PLATES Io PLATES 4 PLATES 4 PLATES 
v Sass wa 
Sols ee pe Ee ae eee cape ce 
4427.266 | 4 I 9 2 I5 I 17 3 30 2 41 2 
4449.313 , 8 2 | 15 r | 24 2 | 29 4 | 49 I | 69 2 
4451 .087 8 I 16 3 25 3 28 2 48 3 73 3 
4453.486 | 12 I 23 2 33 I 40 Amo? 6 87 7) 
4455-485 | 12 i | 24 Sass 3° At 2 | 64 3 | 92 6 
4457.600 | I0 if 23 3 33 2 39 3 63 I 86 B 
4465.975 8 2 15 I 21 2 25 || 7393 I 51 5 
4471.408 7 I 12 I 19 2 23 3 44 I 53 6 
4481. 438 6 I 13 a 19 2 23 2 43 2 59 3 
4512.906 | 9 I I5 2 25 2 30 2 50 3 68 3 
4518.1098 8 I I5 2 25 it 30 eas 2 68 5 
4522.974 | 9 I 16 3 25 I 31 B 52 2 71 6 
4527-490 9 iP 17) 2 26 I 32 4 48 i 71 2 
4533-419 8 I 17 2 24 I 31 2 49 4 66 I 
4534-953 | 12 3 13 Tt 25 I 34 3 | 49 I 7° 2 
4535-741 8 I 15 I 24 BD 29 3 Sir I 66 3 
4544.864 } 9 I 16 4 26 I 31 2 50 3 68 2 
4548.938 | 8 oe Be 2 | 25 So inse 2 SE Sr ulate 5 
4552.632 8 I 17 2 24 2 30 3 50 I 70 6 
4555-662 | 10 I 17 3 28 2 31 2 55 3 75 6 
Mean. 8.6] 1 LOn2 el 2500 2 Heel 2 49.8} 2 68.7; 4 


If we assume the linear relationship and reduce the mean values 
by a least-squares solution we obtain the following residuals: 


Obs.— Comp. A per Atmos. 
DiALMOS eine eye uecens +0.0005 0.0043 
AVAUINOS ty cane rales «Fe —0.0003 .O0O040 
OVACINOS et ee tars fe +0.0003 .0042 
SpatmMOs ein a sca —0.0026 .0038 
TIcLUMOS tear arate. ioe +0.0004 .0042 
HO ALINOSm er aero +o0.0028 0.0043 
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The largest deviation from the linear law, accordingly, at any of 
these pressures is found to be only 0.0028 Angstrom. The dis- 
placement per atmosphere is given in the last column of the table. 
The average of these values is 0.0041 Angstrém. Similarly for the 
average displacement between 15 and roo atmospheres for 16 of the 
same lines Rossi finds 0.0045. The close agreement of these results 
makes it almost certain that the linear law of the variation of dis- 
placement with pressure holds perfectly between atmospheric pres- 
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Fic. 3.—Mean displacement of 20 selected titanium lines at different pressures. 


sure and ror atmospheres. The results are shown graphically in 
Fig. 3. 

In the course of the investigation a number of photographs were 
made of the titanium arc in an atmosphere of illuminating gas. 
The arc under such conditions burns very poorly, and it is necessary 
to employ a very short gap and secure the exposure from a series of 
intermittent flashes rather than a continuous flame as in air or 
carbon dioxide. The photographs were all made at a pressure of 
4 atmospheres. It is well known that an atmosphere of hydrogen 
has the effect of strengthening the enhanced lines at atmospheric 
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pressure and the same is found to be true at a pressure of 4 atmos- 
pheres. We have measured on these photographs most of the arc 
lines in the selected list of 20 lines and also all well-measurable 
enhanced lines in the same region. The appearance of the lines 
does not differ greatly from that in an atmosphere of carbon dioxide 
except for the greater relative strength of the enhanced lines. The 
arc lines measured are all reversed; the enhanced lines unreversed. 
The results are shown in Table IV, compared with the correspond- 
ing values for the same pressure in an atmosphere of carbon dioxide. 
The displacements are in thousandths of an Angstrém. 


TABLE IV 
r 4 (Ngee No. Plates | * aos No. Plates oe, 

4427.266 Ir 5 9 4 + 2 

4443 .976 9 6 7 5 +2 Enhanced line 
4449 . 313 Is 2 iS 4 ° 

4451 .087 13 2 16 4 — 3 

4453 . 486 23 2 24 4 =i 

4455-485 22 5 24 4 pan 

4457 .600 24 5 23 4 ae i 

4405 ..975 i5 5 14 4 eet ‘ 
4468 .663 31 6 26 5 ap & Enhanced line 
4471 .408 Io 2 II 4 — I 

4481 .438 be) 2 TR 4 — 3 f 
4501.445 34 6 oT 5 ar Enhanced line 
4512.906 I4 5 I5 4 =n 

4518.198 17 2 15 4 ap 8 

4522.074 14 2 16 4 = 2 

4527-490 17 5 17 4 ° ; 
4534-139 24 6 20 5 + 4 Enhanced line 
4544.864 a7) 5 16 4 ae 

4548 .938 14 2 17 4 aS ; 
pe a : 808 4I 6 31 5 +10 Enhanced line 
4555.662 15 4 17 4 — 2 : 
ae 20 6 22 5 +7 Enhanced line 
4572.156 41 5 33 5 + 8 Enhanced line 


The interesting result is brought out by these measures that 
while the 16 arc lines in the list give practically identical values in 
hydrogen and carbon dioxide, the enhanced lines show distinctly 
larger values in hydrogen. The average values for Ay—Aco, are: 


TLOPATCUIN CS teeter yeast cryer tare —0,0007 
# enhanced lines............ +o0.0061 


Moreover, the increase of displacement in hydrogen for an enhanced 
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line seems to be a direct function of the normal displacement of the 
line, amounting to about 25 per cent at 4 atmospheres. Thus the 
line 4 4443.976 which is displaced only 0.007 in CO, is displaced 
0.009 in H, while A 4501.445 which is displaced 0.027 in CO, is 
displaced 0.034 in H, the same ratio holding for both. In view of 
the quality of the lines and the accuracy of the measures it seems 
to us that this result is almost certainly geniune and that the nature 
of the surrounding gas exerts an influence upon the displacements 
of the enhanced lines. It appears probable, therefore, that a change 
from a carbon dioxide to a hydrogen (illuminating gas) atmosphere 
affects not only the intensities but the displacements of the enhanced 
lines in the same way as does a change from arc to spark. 

We have already referred to some of the more important appli- 
cations of the results of this investigation to solar spectroscopy. 
The fact that the enhanced lines show materially larger displace- 
ments both at the sun’s limb and under pressure than do the other 
lines strengthens greatly the view that pressure is the effective 
agent in producing the solar displacements. As was pointed out 
previously, evidence in the same direction is afforded by the two 
facts that both in the arc under pressure and at the sun’s limb the 
low-temperature lines give small displacements, and that both in 
arc and sun the ratio of the laws of change of displacement with 
wave-length for iron and titanium is the same. We have referred 
briefly in an earlier communication’ to the possible bearing upon 
the character of the spectrum of the solar chromosphere of the fact 
that at moderate pressures the enhanced lines remain bright while 
a majority of the other lines are reversed. A result which prob- 
ably has an application in the same direction but especially to the 
spectrum of the upper chromosphere and of prominences is furnished 
by our photographs of the titanium arc at reduced pressure. These 
show a marked increase of relative intensity for the enhanced lines 
as compared with that which they have at atmospheric pressure.” 
At the very low pressures of the upper portions of the solar atmos- 
phere this fact may well account for the prominence of the enhanced 


t Science, 32, 881, 1910. 


*A similar result has been found by Barnes for Al, Mg, and Cu, Astrophysical 
Journal, 34, 159, 19rt. 
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lines in the flash spectrum. The change of intensities of the 
enhanced lines at reduced pressure is well shown in Plate XT. 


, SUMMARY 


An investigation of the arc spectrum of iron at a pressure of 9 
atmospheres and of the arc and spark spectra of titanium at pres- 
sures of from a partial vacuum to 17 atmospheres over a range of 
wave-length from A 3600 to A 6800 furnishes the following results: 

t. Reversal is a function of wave-length, being most frequent in 
the more refrangible part of the spectrum and becoming less so 
toward longer wave-lengths. 

2. With reduction of pressure below one atmosphere the 
enhanced lines in the spectrum of titanium become relatively 
stronger. 

3. The low-temperature lines of iron appear to form a distinct 
group and have small displacements under pressure. 

4. The other lines of iron may be divided into three groups for 
which the displacements bear the approximate ratios I : 2.3 : 4.5. 
If the flame lines are taken as a separate group the ratios are 
ieepies + 354 30,6, 

5. There appears to be some evidence in favor of a direct rela- 
tionship between pressure displacement and magnetic separation 
for iron when lines of the same group and of the same type of 
separation are considered. In the case of titanium, for which it 
has not been possible to distinguish well-marked groups of lines, no 
evidence of a connection with magnetic separation is found. 

6. The values of the average displacement for the four iron 
groups at different wave-lengths are well represented by a law of 
variation of displacement with the third power of the wave-length. 
If we form simple means of the displacements of the titanium lines 
for considerable portions of the spectrum the values are well repre- 
sented by a law of variation with the second power of the wave- 
length. The difference from iron may be due to the intermixture 
of various groups in the titanium spectrum. Measures of some 
calcium lines belonging to the second subordinate series indicate a 
variation of displacement according to the first power of the wave- 
length. The measures, however, are of low weight. 
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7. The displacements of the titanium arc lines are found to be 
accurately proportional to pressure for a range of from 2 to 16 
atmospheres above atmospheric pressure. 

8. The enhanced lines as a rule show much larger displacements 
under pressure than do the other lines in the titanium arc spectrum 
and are almost always unreversed. ‘The amount of displacement, 
however, depends upon each individual line and a few enhanced 
lines give very small values. 

9. In an atmosphere of hydrogen (illuminating gas) the displace- 
ments of the enhanced lines are appreciably larger than in an 
atmosphere of air or carbon dioxide at the same pressure. The 
other lines show the same displacements. 

10. The displacements of the lines in the titanium spark appear 
to be larger on the average than in the arc, the largest differences 
being for the enhanced lines. 

In the difficult work involved in the measurement of the photo- 
graphs we have so far as possible followed the plan of having each 
plate measured by two observers. We are greatly indebted to 
Miss Lasby for her skilful treatment of the photographs and her 
active interest throughout the progress of the entire investigation. 


Mount Witson SoLar OBSERVATORY 
November to11 
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Reprinted from the Astrophysical Journal, Vol. XXXV, pp. 163-82, 1912 


THE THREE-PRISM STELLAR SPECTROGRAPH OF THE 
MOUNT WILSON SOLAR OBSERVATORY 


By WALTER S. ADAMS 


The original design of the 60-inch reflector provided for the use 
of three stellar spectrographs in connection with the three principal 
mirror combinations. The first of these to be completed was the 
powerful spectrograph of 5.5 m focal length used with the coudé 
combination of telescope mirrors at the equivalent focus of 45.7 m. 
This instrument was employed for the investigation of the spectra 
of some of the brighter stars under high dispersion.’ In the fol- 
lowing year a small low-dispersion spectrograph was constructed 
for use at the primary focus of the large mirror. On account of 
the presence of the Newtonian plane mirror it was necessary to 
mount this spectrograph on the side of the tube of the telescope 
and to introduce an auxiliary reflection between the slit and the 
collimating lens. The instrument proved extremely efficient for 
qualitative work upon the spectra of faint stars, and the radial 
velocity results obtained with it were so promising as to warrant 
the construction of an instrument of similar type mounted directly 
in the axis of the telescope. In this way the loss of light at two 
reflecting surfaces is avoided and much greater mechanical stability 
is insured. This spectrograph is now nearing completion in the 
Observatory instrument shops. 

Intermediate between these two spectrographs, one of very high 
and the other of low dispersion, is the three-prism spectrograph 
mounted at the lower end of the telescope tube and employed with 
the Cassegrain combination of mirrors. At this point the equiva- 
lent focal length of the telescope is 24.4 m, or the ratio of aperture 
to focal length is 1 to 16. This is much the same ratio as that of 
most of the large refracting telescopes used for spectrographic 
work, and accordingly the dimensions of the optical system in the 

‘ Contributions from the Mount Wilson Solar Observatory, No. 50; Astrophysica 
Journal, 33, 64-71, I91l. 
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spectrograph are similar to those of some of the larger stellar spec- 
trographs employed in radial velocity determinations. The instru- 
ment was built by William Gaertner & Co. of Chicago in accordance 
with designs provided by the observatory, and has been in regular 
use on Mount Wilson during the past year. 

The very massive character of the telescope mounting and the 
proximity of the spectrograph to the center of rotation of the 
telescope made the consideration of its weight of less importance 
than is usually the case. Accordingly the main frame of the 
instrument consists of a single heavily ribbed iron casting. The 
base of the casting is rectangular in shape and about 84X61 cm in 
size. It is accurately surfaced and is attached directly to a planed 
flange upon the frame of the telescope by means of a number of 
strong studs. The slit of the spectrograph is behind the face of 
the casting and so is well protected from possible injury during the 
process of changing of instruments. The opening in the telescope 
frame through which the light passes from the diagonal plane 
mirror is about 33 cm in diameter, being made sufficiently large to 
provide for direct photography at this point. The corresponding 
aperture in the spectrograph casting opposite the slit is about 15 cm 
square. 

At right angles to this base and forming a part of the same 
casting is the large plate which constitutes the frame of the spec- 
trograph. It is about three-quarters of an inch in thickness and 
is planed over a large portion of its surface. Fastened directly to 
this plate are the prisms and the tubes carrying the collimating 
and camera lenses. The plate is about 140cm long and tapers 
slightly from its base toward the prism box. 

The focal length of the collimating lens was determined by two 
considerations: first, the size of the prisms available for use; and 
second, in a less degree, by the fact that a very long instrument 
. would prevent observations of the region of the sky near the pole 
on account of striking the floor of the dome. The difficulty of 
securing optical glass of a quality suitable for prisms of consider- 
able size is very great at the present time, as is fully recognized by 
most spectroscopists. Fortunately, in the case of this spectrograph, 
prisms of good quality were known to be available. At the time 
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at which the five-foot spectroheliograph was designed four prisms 
210 mm high and with faces 125 mm wide were ordered from Jena. 
Three of these proved to be of excellent quality. They are of 
glass No. O. 102, with an angle of 63° 29’, which provides for a 
deviation of 180° at Hy when three prisms'are employed. Since 
only two prisms are required for the work of the spectroheliograph 
the third prism became available for the stellar spectrograph. 
Accordingly it was cut in our optical shop into three prisms, each 
67mm high and with faces the same, of course, as those of the 
original prism; that is, 125 mm in width. A prism with faces of 
this size would utilize a beam 59 mm in width at minimum devia- 
tion for Hy. In view of these considerations a diameter of 64 mm 
(2.5 inches) was fixed upon for the aperture of the collimating lens, 
which with a ratio of 1 to 16 gives a focal length of 102 cm (40 
inches). When more than one prism is employed there is an 
appreciable loss of light for wave-lengths other than that at mini- 
mum deviation on account of the spread of the beam, but as the 
spectrograph was designed largely for work with one prism it 
seemed desirable to retain the large aperture. The collimating 
lens is a cemented triplet corrected for the Hy region, made by the 
J. A. Brashear Co., and has proved very satisfactory in use. 

Two camera lenses have been employed with the spectrograph. 
The longer one of these is an uncemented triplet by Brashear of 
88 mm aperture and 102 cm focal length. The other is a Cooke 
lens of the “‘Astro-photographic” type with an aperture of 102 mm 
and a focal length of 46cm. Both lenses give excellent definition, 
and the latter, on account of the transparency and the thinness of 
its components, has proved exceptionally efficient photographically. 
For all work with a single prism the longer camera has been used, 
while with two prisms the shorter camera has usually been found 
sufficient. 

An important advantage possessed by the form of construction 
adopted in the spectrograph is that of adaptability for different 
regions of the spectrum. The prisms are mounted in cast-iron 
cells which rest upon three legs. These pass through slotted 
openings in the main plate of the spectrograph and are clamped 
rigidly with nuts upon the other side of the plate. The slotted 
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openings are provided with scales and the prism mounting has 
upon it an index by which they may be read. The scale-readings 
for each prism were determined when the three prisms were origi- 
nally adjusted for minimum deviation at a definite wave-length, 
and in case it is desired to set the prisms for any other wave-length, 
changes are made in the scale-readings corresponding to the differ- 
ence of deviation. Similarly the camera is mounted on a heavy 
iron plate which swings through an angle corresponding to that of 
the third prism, and is clamped in position by powerful bolts. 
This simple arrangement has proved most satisfactory in use. 

The great length of the camera regularly employed with the 
single-prism arrangement and the difficulty of supporting it with 
sufficient rigidity led to the interposition of a mirror between the 
prism and the camera lens. In this way the camera may be left 
in the same position as that used when three prisms are employed. 
The objections to this proceeding are: first, the loss of light by 
reflection at the mirror; and, second, the difficulty of supporting 
the mirror with sufficient stability. The first objection is not very 
serious, since the mirror is entirely inclosed, and the silver coat 
deteriorates very slowly and may be kept in excellent condition. 
Under these conditions the reflecting power for the region of the 
spectrum usually photographed is not far from go per cent. The 
second objection is met by making the mirror exceptionally thick 
and holding it in a strong cell in much the same way as a diffraction 
grating is supported. The photographs obtained with the spec- 
trograph have shown no impairment as regards definition or accu- 
racy of results since the mirror was employed. When two prisms 
are used the mirror cell is moved toward the camera lens along a 
slide provided with a graduated scale and is clamped in position. 

For comparison spectrum purposes the iron arc is used. The 
arc lamp is fastened to the outside of the spectrograph case. The 
light passes through a mica window and falls upon a lens which 
renders it roughly parallel. This throws it upon a piece of opal 
glass which thoroughly diffuses it, and an image of this glass is 
thrown upon the slit by a second lens. The glass, accordingly, 
serves as the effective source of illumination for the spectrograph. 
A totally reflecting prism, which is moved in front of the slit by a 
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handle on the outside of the spectrograph, serves to reflect the 
light into the instrument. An occulting screen with small openings 
through which the light from the star or from the arc may fall upon 
the slit also is controlled by a rod projecting from the side of the 
spectrograph. 

The entire spectrograph is inclosed in a wooden case, the walls 
around the prism-box being of double construction. For purposes 
of automatic temperature control the convenient device first 
employed by Professor Campbell has been adopted, a pair of 
Draper thermostat strips with platinum contacts acting through 
a relay to throw the heating current on and off. The heating coils 
are placed outside of the first wall of the prism-box and are dis- 
tributed as symmetrically as possible about it. A small fan placed 
inside of the outer cover serves to distribute the air around the 
outside of the prism-box and prevents stratification. When the 
instrument is under temperature control, readings of a thermometer 
placed inside the prism-box indicate ranges of temperature rarely 
greater than 0°.1 to o°.2 C. throughout an entire night. 

For guiding purposes we have used the customary device of a 
reflecting slit, the jaws being inclined at an angle of about 2°5 to 
the normal. The reflected light is first collimated by a small lens 
and then reflected by diagonal prisms through a long tube to a 
point beneath the spectrograph where it*is observed through a 
telescope. The arrangement is very similar to that employed by 
Professor Frost on the Bruce spectrograph. A finder of 4m focal 
length attached to the tube of the large reflector is used to bring 
the star within the field of view. The observer keeps the star upon 
the slit by means of slow-motion motors controlled by switch 
buttons arranged upon a fiber bar held in his hand. Similar 
buttons control a motor at the upper end of the telescope tube 
which moves the convex mirror inward or outward and thus enables 
the observer to correct for changes of focus during the night. If 
the large mirror has been protected throughout the day by the 
canopy, as is regularly the case, these changes are rarely of large 
amount unless there is a marked change of temperature during the 
night. 

This brief description of the general features of the spectrograph 
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is perhaps sufficient to give a satisfactory conception of the instru- 
ment asa whole. Plate XII shows the spectrograph attached to the 
60-inch reflector. A part of the outer cover has been removed as 
well as both covers to the prism-box, so that the arrangement of 
the prisms and of the camera and collimating tubes is well shown. 
The tube through which the light reflected from the slit is observed 
is seen beneath the spectrograph in the lower right-hand corner 
of the photograph. 


PROGRAM OF WORK AND EXPOSURE TIMES 


A large part of the time of the spectrograph during the year it 
has been in operation has been devoted to a determination of the 
radial velocities of some selected lists of stars, mainly of types A 
and B, whose proper motions have been measured by Boss and 
whose velocities are of especial importance in studies of star streams. 
The lists have been prepared by Professor Kapteyn and consist of 
stars which for the most part lie between magnitudes 5.5 and 6.5," 
although a few are brighter. The experience of numerous observers 
of stellar spectra has shown that by far the greater number of stars 
with spectra of types A or B can be studied to better advantage 
with moderate dispersion and linear scale than with high dispersion, 
on account of the diffuse and broad character of their lines. Some 
experiments with our spectrograph showed that an optical system 
consisting of two prisms and the 46 cm camera, or a single prism 
and the 102 cm camera, gave the most satisfactory results for the 
majority of the stars. Both combinations have been used and as 
between the two it is largely a question of the type of spectrum and 
conditions of seeing. For stars with numerous lines in their 
spectra the greater resolving power of the two-prism arrangement 
is preferable. For stars with few lines, however, the single prism 
is adequate, and the greater width of spectrum obtained with the 
long camera is an important advantage. In fact, under good con- 
ditions of seeing the time occupied in running the star’s image 
along the slit sufficiently to obtain a measurable width of spectrum 

* The magnitudes used in this article are those given in the “Preliminary General 
Catalogue of 6188 Stars for the Epoch 1900,” by Lewis Boss, Carnegie Institution of 


Washington Publication No. 115. A comparison of these magnitudes with those of 
the Potsdam and the Harvard Photometry is given in the “Catalogue.” 
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is a considerable drawback to the use of the short camera. The 
linear scale at Hy of the photographs obtained with the two arrange- 
ments is as follows: 

Two prisms and short camera, 1 mm=18.0 Angstroms 

One prism and long camera, 1 mm=15.7 Angstréms 


The three prisms and long camera as used for the spectra of the 
brighter stars give a linear scale at Hy of 1 mm=s.2 Angstréms. 

The exposure times with the spectrograph vary widely, of course, 
with the conditions of seeing. Under good conditions, when the 
silver surfaces of the telescope are bright, a fully timed negative of 
a star of type A or B of magnitude 6.0 on Boss’s system may be 
obtained in one hour, when one prism and the long camera are 
employed. The exposure times with two prisms and the shorter 
camera are slightly less. Under average conditions the exposure 
times are somewhat longer, and under the poorest conditions of 
the winter season may be several times as long. Usually an expo- 
sure about one-fourth longer is given to stars of types F, G, K, 
and M than to stars of types A and B. The difference would be 
greater but for the fact that the density of negative required for 
satisfactory measurement is less in the case of spectra containing 
numerous lines than for those of types A and B. Under very good 
conditions of seeing, a fully timed negative of Groombridge 1830 
(Mag. 6.5, Spectrum G) has been obtained in 75 minutes with a 
slit-width of o.o5omm. A narrower slit has been employed upon 
some nights of exceptionally fine seeing, but this width has been 
used for a majority of the photographs. 


METHOD OF REDUCTION 


The range of spectrum in good focus upon the negatives and 
upon which measures may be made extends from about A 4250 to 
A 4900. Asarule in the case of stars of types A and B the measures 
are limited to the portion between Hy and Hf. Within this region 
fall several of the most important helium lines, the magnesium line 
A 4481, and a large number of enhanced metallic lines whose appear- 
ance is so characteristic of a portion of the A-type stars. The 
fact that Hy and H8 are almost without exception measurable lines 
in the spectra of A- and B-type stars has led us to the use of auxiliary 
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tables which have enabled us to save much time in the reduction 
of the photographs. 

The method employed is that used by Professor Frost and several 
other observers, in accordance with which each negative is reduced 
independently from measures of three standard lines in the com- 
parison spectrum. It has the marked advantage of requiring no 
adjustment of the measures on account of changes of focus of the 
camera or collimator or variation in the scale of the spectrum due 
to the different temperatures of the prism-train. The chief objec- 
tion to it is the amount of time required to compute the constants 
of the Cornu-Hartmann formula for each plate. For the reduction 
of our spectrograms we have constructed tables giving the values 
of these constants for the entire range of variation of scale which 
may occur. This is accomplished in the following way. Two 
suitable comparison lines are selected at the extremities of the 
region measured and another line intermediate between them, and 
these lines are measured upon all of the photographs. The lines 
selected for our purposes are A 4337.216 near Hy, A 4859.928 
near Hf, and the intermediate line A 4531.327. Let us indicate 
these lines by 4”, A, and 4’, and the corresponding readings of the 
comparator by S$”, S+6, and S’, as follows: 


4850029, 0% r S+6 
ASS sso7en Ne. rN’ 5S! 
4237, 200 os r” iS! 
The solution of the Hartmann formula gives for the values of 
the constants: GON be 
Ay=A— 


a—b+8(r’—X”) ? 
5 _ aS’ —bS" —8S"(A-N) +8S"(A—2") 
t) a—b+8(r’—X"’) ’ 
C=(A"—A,.)(S"”—So), 
where a=(A—A’) (S’’"—S) and b=(A—A”’) (S’—S). 
If we develop the values A, and S, into series we obtain: 
d= A—a(t— 68-6 ~ 
So=c—dd+@— .... 
in which @, 8, c, and d are constants. Both series are rapidly con- 
vergent for small values of 6. It is, of course, a simple matter to 


160 


STELLAR SPECTROGRAPH AT MT. WILSON 9 


adjust all of the spectrograms under the comparator in such a way 
that the reading upon A 4337 shall always be the same, or S$” con- 
stant. Then for any value of S’—S” we may obtain the values of 
A, and S, corresponding to a set of readings S+6 from the series 
given above. Since 6 never exceeds 0.025 mm for our photographs 
the term 63 is negligible, and if extreme values of A, and S, are 
known, all intermediate values may be obtained by simple inter- 
polation in which the second differences are constant. To illustrate 
the construction of a page of the tables we may consider a specific 
case. Let the readings be: 


ASSO .028 0 isa 56.500-+8 
ASST Gey eos. coce 41.317 
HSS [27 Osc: veaerens 30.000 


A range in 6 of 0.025 will readily take care of all the differences 
which may arise in the reading upon A 48509 for a given reading 
upon 44531. Accordingly three Hartmann formulae are solved 
for readings of 56.500, 56.512, and 56.525. With these values 
of A, So, and C we derive the values of the first and second differ- 
ences for purposes of interpolation, and are enabled to compute 
rapidly the values of A,, S., and C corresponding to 56.501, 56.502, 
etc. This page of the table corresponds to the argument S’—S’’= 
11.317. For the value S’—S’” =11.318 a second page is computed, 
and the process is repeated throughout the range of scale which 
may occur. The measurement of a few photographs taken at 
different temperatures gives sufficient knowledge of the mean values 
about which the table should be constructed. In the case of our 
own photographs a table consisting of forty pages has been found 
sufficient to care for the entire range of variation of scale observed, 
and a table of this size was completed by a single computer with 
the aid of a calculating machine in about six days. 

The constants of reduction for a given spectrogram being 
obtained by inspection from this table, the wave-lengths of the 
stellar and comparison lines are computed in the usual way from 
the constants, and the stellar wave-lengths are corrected according 
to the deviations of the comparison lines. The complete reduction 
of a spectrogram containing fifteen stellar and comparison lines 
occupies about twenty minutes. 
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SOME RESULTS 


A list of fifty spectroscopic binaries.—We have found the above 
so stars mainly of types A and B to have variable velocities 
in the line of sight. The initial given in the column headed 
‘“‘Observer”’ refers to Messrs. Adams, Babcock, Kohlschiitter, and 
Pease, and in the column “‘Measured by” to Miss Lasby, Miss 
Ensign, Miss Waterman, and Messrs. Kohlschiitter and Adams. 
The type of spectrum given is in most cases from our own observa- 
tions. The column in the table preceding ‘‘Remarks”’ indicates 
roughly the general character of the spectrum for purposes of 
measurement. There is evidence of complexity of the hydrogen 
lines in the spectra of many of these stars, and no doubt more 
would be found were the density of the negatives made somewhat 
less. As a rule, however, considerable density of the continuous 
spectrum aids in the measurement of the broad hazy lines character- 
istic of the spectra of most of these stars. 

In addition to the stars given in Table I we have secured observa- 
tions which agree in confirming the variability of velocity of the 
following stars announced from other observatories: 


Name R. A. r9r0 Dec. 1910 Mag. Observatory 
25 mSELPenliSixeicaiooeniae r5h4rm4 — 1°31’ 5.6 Yerkes 
KAO DULUNCHI ee eee ee 16 21.8 — 18°14’ 4.8 Lick 
i DON 2i oe nee NI 6 18 41.7 +37°31' 4.4 Lick 
OHALEAW Gere mee sateen 18 50.6 +36°52’ Sa¥/ Yerkes 
ALGAE. 56 oooonee € 20 6.7 — 1 5 3.2 Meudon 
OBE GCENIGE neh ete tee 22 26.6 +42°40' Paks Yerkes 


Stars with bright hydrogen lines—The stars 20 Vulpeculae, 25 
Pegast, and 8 Lacertae in Table I have one or more hydrogen lines 
bright. In x Ophiuchi, as has been announced by Professor 
Campbell, both Hy and H§8 are bright. The following stars also 
have bright hydrogen lines: 


Name R. A. 1910 Dec. 1910 Mag. Bright Lines 

11 Camelopardalis .... 4hs8mz + 58°51’ B Hy and HB 

165 G Canis Majoris ... 7 20.6 —16° 1’ Bas Hy and HB 
25 Vulpeculae........ 20 18.2 + 24°10! eZ HB 
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Some stars with great radial velocities.—In the course of our 
observations of some stars of large proper motions with known 
parallaxes we have found a few stars with very great radial veloci- 
ties. Most of these had previously been observed with the small 
focal plane spectrograph and approximate velocities determined. 
Accordingly in Table II the spectrograms obtained with the focal 
plane instrument are indicated by the series letter 8 and those 
with the large spectrograph by 7. The values obtained with the 
small spectrograph are of course subject to considerable uncertainty. 

With the exception of Groombridge 1830, for which Professor 
Campbell has published a value of —g5 km, no other observations 
are available for these stars. The star Lalande 28607 is of especial 
interest because of its type of spectrum. No star of type A with 
a constant velocity approaching this in magnitude has been 
observed heretofore. 

Since the parallaxes and the proper motions of these stars are 
known, a computation of their velocities and directions of motion 
in space becomes of interest. These are given in the last two 
columns of Table II, the requisite data being taken from the list 
of parallax determinations compiled by Kapteyn and Weersma.' 

I am indebted for much assistance in connection with the 
results referred to in this communication. In particular I wish to 
express my appreciation to Mr. Pease for his great aid in the design 
of the spectrograph, many important features of which are due to 
his suggestions; to Mr. Babcock and Dr. Kohlschiitter for observa- 
tions with the instrument; and to Miss Lasby, Miss Ensign, and 
Miss Waterman for the difficult work involved in the measurement 
of the spectra. 


Mount Witson SOLAR OBSERVATORY 
February 1912 


* Publications of the Astronomical Laboratory of Groningen, No. 24. 
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Contributions from the Mount Wilson Solar Observatory, No. 60 
Reprinted from the Astrophysical Journal, Vol. XX XV, pp, 183-212 


THE EFFECT OF PRESSURE UPON ELECTRIC FURNACE 
SPECTRA 


SECOND PAPER 
By ARTHUR S. KING 


In a former paper" the writer reported the results of some pre- 
liminary experiments on the spectrum of the electric furnace when 
operated in an atmosphere of compressed gas. The displacements 
measured were chiefly for lines in two regions of the iron spectrum 
for a pressure of 9 atmospheres. The measurements, though not 
extensive enough to be given high weight, showed, when compared 
with such measurements of arc spectra under pressure as were 
available, that the lines in general were displaced much more in 
the furnace than in the arc at equal pressure. 

It was obviously desirable to continue this investigation in such 
a way as to establish in a definitive manner the leading charac- 
teristics of the furnace spectrum when under pressure, and it is 
believed that sufficient material is now on hand for this purpose. 
About one hundred furnace photographs have been made since the 
preliminary set, the spectra studied being those of iron for the 
regions A 4200 to A 4500 and A 5200 to A 5500, titanium from A 4250 
to A 4600, and vanadium from A 4050 to 44600. The range of 
pressures has been up to 24 atmospheres for the two regions of the 
iron spectrum, up to 16 atmospheres for the spectra of titanium 
and vanadium. The leading features studied have been as follows: 

1. The rate of increase of displacement with pressure and the 
mean shift per atmosphere for various groups of lines which per- 
mitted measurements of considerable accuracy. 

2. The pressure effect in absorption as obtained by passing white 
light through the furnace tube when under pressure. 

3. A search for possible variation of displacement with tempera- 
ture. 

Contributions from the Mount Wilson Solar Observatory, No. 53; Astrophysical 
Journal, 34, 37, 1911. 
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4. The observation of the effects due to large and small quan- 
tities of the radiating vapor, to the presence of foreign vapors, and 
to variation in the length of the column of vapor by the use of 
long and short tubes, the pressure being the same for these different 
conditions. 

s. A comparison of the relative displacements of groups of lines 
with their response to temperature excitation and with their 
behavior in the magnetic field. 

6. A consideration in the case of a few iron lines of the variation 
of displacement with wave-length. 

7. Attention is directed to what is apparently a fundamental 
difference in the structure of arc and furnace lines which may 
explain the difference in absolute displacement given by the two 
sources. 

EXPERIMENTAL METHOD 

The work has been carried on in general according to the method 
described in the previous paper, with such improvements as expe- 
rience showed to be feasible. The photographs were made in the 
second order of the vertical Littrow spectrograph in the Pasadena 
laboratory, the scale for the regions studied ranging from 0.93 to 
0.96 Apermm. The furnace was operated in vacuum to give the 
comparison spectrum, which was placed on each side of the pres- 
sure photograph by means of the occulting plate above the slit. 
This exposure with the furnace in vacuum was taken partly before 
and partly after the pressure photograph, the second exposure being 
made with increased length of slit on each side, so that the com- 
parison photograph appears as the superposition of the two expo- 
sures, with weak extensions due to the second. This gave an 
exceedingly delicate test for instrumental displacement during the 
making of the complete photograph, better than is given by a 
double exposure with slit unchanged in length since the fainter 
extensions sometimes showed a very slight lack of continuity when 
the superposed portion of the line did not appear to suffer in 
sharpness. 

The tubes used in the furnace, except for the special tests at the 
close of the investigation, were of Acheson graphite, 30.5 cm long, 
12.5 mm inside diameter, and either 19 or 20.5 mm outside diam- 
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eter, 20.5 cm being heated between the graphite contact blocks 
which led in the current. The tube was protected by a split 
graphite tube and by carborundum powder outside of this. 

For the compressed gas, both carbon dioxide and air were used, 
the latter for most of the work, as it gave better results than carbon 
dioxide, especially for pressures above 16 atmospheres. The writer 
was surprised to find that the oxygen furnished by the air seemed 
to be less than that given off by dissociation of the carbon dioxide 
when in contact with the hot tube and jacketing materials, as the 
tubes lasted better in air and less of the white smoke was generated 
which always proved very disturbing with carbon dioxide on 
account of weakening the light and clouding the window. A very 
efficient method of jacketing has been devised, so that there was 
little circulation of gas about the exterior of the tube and it wore 
thin slowly. As a rule the tube was renewed in preparation for 
each photograph which involved a run of the furnace under pres- 
sure and two comparisons in vacuum, but occasionally a tube 
could be used longer at moderate temperatures. In one case the 
same tube was used for three successive experiments, being heated 
for a total of 2" 46™ in air at 16 atmospheres, besides comparisons 
in vacuum aggregating 156™. The tubes appear to be much more 
subject to oxidation outside than inside, the oxygen entering the 
tube apparently passing into combination before it reaches the 
highly heated portion. 

The best results were obtained for temperatures which gave 
readings of 2200° to 2400° C. when a Wanner pyrometer was directed 
at the wall of the interior of the tube. The temperature of the 
radiating vapor is necessarily lower than this by an unknown 
amount, since the temperature of the graphite wall, obtained 
either in this way or by the melting-point method, must be higher 
than that of the inclosed vapor. 

The pressure was measured by a new calibrated gauge reading 
to soo pounds. Two other gauges, which were used in former work 
and by Mr. Gale with the pressure arc, showed a close agreement 
with this gauge except at the beginning of their scales. 

When the carborundum jacket was used, there was always a 
certain amount of vapor, especially at the higher pressures, which 
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condensed as a white powder on the water-cooled metal parts. This 
was not tested chemically but was probably an oxide of some con- 
stituent of the carborundum. As has been noted, there was more 
of this vapor when compressed carbon dioxide was employed. Near 
the end of the investigation, it was desired to try the effect of 
foreign vapors purposely introduced and also of different lengths of 
the column of radiating vapor. In both cases this oxide from the 
jacketing would have complicated the conditions, so the experiments 
were made without any protection around the tube. Naturally, 
there was then a more rapid wearing-away of the tube and a very 
rapid loss of the heat to the water-cooled chamber and electrode 
pipes, requiring a large increase in the electric energy to keep up 
the temperature. It was possible, however, to make the desired 
series of experiments under these conditions for a pressure of 8 
atmospheres. 

Tubes for which the heated portion was only 51 or 64 mm long 
were used by setting the two contact blocks at the proper points 
along the copper-pipe electrodes. Other tubes with a total length 
of 35.5 cm, 25.5 cm being heated, were also employed. 

A new method of studying the pressure effect, for which the 
furnace is especially adapted, was carried out by obtaining the lines 
under pressure as absorption lines. The comparison spectrum was 
obtained as usual, in emission, with the furnace in vacuum before 
and after the pressure exposure. For the pressure photograph a 
parallel beam of white light from a projection arc was directed by 
means of a short-focus lens into the window of the furnace opposite 
the spectrograph. This light passed through the vapor in the 
furnace tube, which was radiating under pressure, and thence to 
the spectrograph. Absorption lines are thus obtained which can 
be made very narrow if the continuous spectrum is strong. The 
temperature of the furnace tube may be low if only the stronger 
lines are desired, and the exposure time is much less than is required 
for the same lines in emission. The pressure displacements, as will 
be shown later, are in good agreement with those obtained when the 
tube is strongly excited so as to give self-reversed lines. The method 
promises to be very useful as a supplementary one, especially for 
spectra such as titanium, where a large number of lines are easily 
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produced by the furnace but do not readily show self-reversal. The 
edges of the absorption lines are liable to be somewhat ragged as 
the result of the large variation in temperature from the middle to 
the two ends of the furnace tube, with attendant differences in 
density of the vapor. A strong continuous spectrum will remedy 
this to a large extent. Care must also be taken when examining 
lines which are also given as sharp emission lines by impurities in 
the carbons of the arc, since if the pressure displacement be small, 
the violet side of the absorption line is affected by the presence of 
the bright line. 

In measuring the displacements, a series of four or six settings 
was made on the comparison line and a like number on the line 
displaced by pressure. The plate was then reversed in the machine 
and a similar set taken in the opposite direction. All plates of 
sufficiently good quality were measured by the writer on a small 
Gaertner comparator and most of them also by Miss Sheldon. 


RESULTS 


For the purpose of establishing the main phenomena of the 
pressure effect for the furnace, a set of lines was selected in the iron, 
titanium, and vanadium spectra which can be measured with fair 
precision at various pressures. As a rule (the exceptions usually 
being noted in the tables) only lines for iron and vanadium are 
measured which are distinctly reversed. For titanium the lines 
were measured unreversed and in absorption. The list is thus 
limited to lines appearing at the lower furnace temperatures, the 
self-reversal being given by the absorption of the cooler vapor at 
the ends of the tube. The former paper showed that the number of 
iron lines which can be measured in the furnace spectrum, especially 
at pressures less than 10 atmospheres, is quite comparable with the 
number measurable in the arc, and this is true also for titanium 
and vanadium, but special conditions must be chosen for various 
sets of lines, since on any one plate only a relatively small number 
of lines will yield measurements of high weight. 

As there is always a certain amount of widening to pressure lines, 
which in general increases with the pressure and often involves dis- 
symmetry in the widening, a reversed line is preferable for measure- 
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ment, provided the reversal is narrow. If there is a tendency for 
the line to widen toward one side, the reversal may be expected to 
take part in this, but on account of its relatively small width, its 
position as measured cannot differ from the true position of the 
maximum by so great an amount as may easily happen when an 
unreversed and rather wide line is measured. 

It is characteristic of reversed lines in furnace spectra that they 
do not have clean-cut edges to the reversals. There is a slow 
gradient in temperature and vapor-density from the center to each 
end of the tube which results in a gradual shading of the sides of 
the reversal. For this reason, personal judgment may enter to a 
considerable degree in making settings on the lines, and the oppor- 
tunity for this increases if the reversals are not very narrow. 
Differences of considerable magnitude in the measurements for 
single lines have occasionally been observed which may fairly be 
ascribed to this cause. However, all of the conclusions to be 
drawn from the material in this paper are based on mean displace- 
ments for sets of lines which show shifts of the same order of mag- 
nitude, and such means do not appear to be greatly affected by 
personal differences. As a test, the mean displacements were 
compared for ten good plates measured by Miss Sheldon and 
myself. These plates embraced the spectra of all three elements 
and were for various pressures and different types of lines. The 
differences ranged from g per cent for unreversed titanium lines to 
exact agreement for a plate containing over 20 reversed vanadium 
lines. Most of the differences were well under 5 per cent and about 
equally divided as to which observer obtained the higher values. 
A large proportion of the whole number of plates was of about the 
quality of those compared, so that it seems highly improbable that 
the mean values presented are affected in any vital degree by 
peculiarities in personal judgment. 

It was desirable to look farther into the large differences between 
furnace and arc displacements for the same pressure, which were 
indicated by the preliminary observations. Instrumental differ- 
ences, such as must occur for work carried out in different labora- 
tories, have been largely eliminated by comparing the later furnace 
results with the values for arc displacements obtained by Gale and 

178 


PRESSURE UPON ELECTRIC FURNACE SPECTRA 7 


Adams" in an investigation carried out with pressures which were 
used also for the furnace and with the same spectrograph. At the 
close of the pressure-arc investigation, the spectrograph was used 
by the writer with the same adjustments as to focus, thus insuring 
that the photographs, as regards scale and definition, should be as 
closely comparable as possible. The change from the arc arrange- 
ments thus consisted in turning the vertical spectrograph around 
until its mirror faced the furnace. The image of the interior of the 
tube was focused on the slit, giving a cone of light slightly larger 
than the objective of the spectrograph. The focusing lens was 
never moved during the making of a pressure photograph with its 
two comparison exposures in vacuum. 

The pressure values for all of the displacements to be given are 
total pressures, owing to the comparison spectrum being made with 
the furnace in vacuum. A careful test having shown (see Table 
II) that the furnace in vacuum and at atmospheric pressure shows 
a displacement of the lines proportional to that for higher pressures, 
the shifts may be compared with those for the same difference of 
pressure with the arc, which was usually operated at atmospheric 
pressure for the comparison spectrum. 

IRON 

In Table I the displacements are given in Angstrém units for a 
number of iron lines in the blue region. These are all reversed by 
the furnace and were as a rule very favorable for close measurement. 
The furnace spectra at 8, 16, and 24 atmospheres are the regular 
reversed emission lines. At 12 atmospheres, one plate in absorp- 
tion was measured and also one in which the iron lines were narrow 
and unreversed in a photograph of the titanium spectrum. The 
last column gives the displacements found by Gale and Adams for 
the arc with 8 atmospheres difference in pressure. The wave- 
lengths are on the Rowland scale. 

It is seen from Table I that the displacements of all the lines, 
with the exception of those marked *, are of the same order of 
magnitude for the furnace at any given pressure. The mean shiit. 
per atmosphere for these eight lines is also nearly the same except. 


1 Contributions from the Mount Wilson Solar Observatory, No. 58; Astrophysical. 
Journal, 35, 10, 1912. 
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for the two plates at 12 atmospheres, where the rather wide absorp- 
tion lines of the one and the unreversed lines of the other made 
measurements difficult. 


TABLE I 
PRESSURE DISPLACEMENTS FOR [RON 
d 4250-A 4462 
12 Atm 12 Atm 
r 8 Atm. (Absorp- (Unre- 16 Atm. 24 Atm. 8 Atm. 
4 Plates tion) versed) 2 Plates 1 Plate Arc 
1 Plate t Plate 
ADSOFOAS tessa seis 0.037 ©2002 4) eee 0.073 0.116 0.022 
M27 O34 cs setae tate 0.039 0.054 0.053 0.074 0.102 0.022 
A2QAE ZOU eee rn 0.036 OrO04 in| aren 0.076 0.113 0.030 
AZO. OSL sista teint 0.040 0.055 0.055 0.081 0.116 0.021 
AZ252O30 cane eee 0.038 0.065 0.053 0.080 0.121 0.020 
AZT OUIOT ges) srciserace ©.020 0.028 0.029 0.039 0.052 o.or& 
ABS 37 20% acetate ioyels 0.040 0.063 0.056 0.080 0.119 0.027 
AOA O2 71s eects ©.041 0.059 0.060 0.078 O.121 0.021 
GALSU20 Bice ets: ©.040 Ox004- |) eee 0.072 0.115 0.018 
FAA 27 ASQ ele cee 0.019 0.029 0.028 0.038 0.044 0.017 
*AAOTR SLOMAN 0.018 0.026 0.026 0.034 0.051 0.015 
SumMary, OmitTinc * LINES 

Mean displacement | 0.0389 0.0607 0.0554 | 0.0768 0.1154 | 0.0226 

Displacement per at- 
mosphere....... 0.00486 | 0.00506 | 0.00462 | 0.00480 | 0.00481 | 0.00282 


Mean furnace displacement per atmosphere 0.00483 
Ratio, Arc : Furnace= 282 : 483=0.584 


The lines AA 4376, 4427, and 4462 are obviously in a different 
class as regards displacement, their shifts being about half as large 
as for the other lines in the list. Other lines in this region show a 
shift about twice as large as the unstarred lines in Table I, A4260.640 
being the strongest of this class; but they do not reverse in the 
furnace and are usually so hazy for pressures above 8 atmospheres 
that measurements on them are of low weight and they are therefore 
not included in the present list. 

A comparison of the furnace and arc shifts may be made most 
directly by means of the first and last columns of displacements. 
It is seen that the furnace displacements are uniformly larger than 
those of the arc, but that the ratio for individual lines is by no 
means constant. The largest deviations are for A 4294 and for the 
three lines above mentioned which have small furnace displace- 
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ments. The reality of this difference is not altogether certain. 
These four lines are given at low temperatures and so are relatively 
strong and well reversed in the furnace spectrum. In the arc they 
reverse with difficulty, if at all, so that the matter hinges on whether 
a definitive comparison can be made between a reversed and an 
unreversed line when the displacement is small and is attended by 
photographic differences owing to the spectra being photographed 
on different plates. Duffield,t who investigated the iron lines in 
this region for pressures from 5 to 100 atmospheres, obtained very 
irregular displacements for the three starred lines of Table I, but 
they have in general decidedly smaller shifts than the other lines 
in this table. A 4294 was also found by Duffield to show variable 
shifts at different pressures, but usually gave values close to those 
found by him for the unstarred lines of Table I. The measure- 
ments of Humphreys? for 41 atmospheres, a pressure which in some 
respects should be more favorable for lines of this type, give a 
close relative agreement with the furnace displacements, A 4294 
having a shift of the same order as those measured by Humphreys 
for the unstarred lines of Table I, while AA 4376, 4427, and 4462 
have a mean shift per atmosphere of 0.00122, the mean value given 
by the furnace for 8, 16, and 24 atmospheres being 0.00225. Thus, 
if we allow for the character of the lines in the two sources, the 
lack of agreement in the measured displacements for furnace and 
arc may not be great enough to indicate a real relative difference. 

Plate XIII reproduces the iron spectrum from 4 4376 to A 4462, 
showing two spectra at 8 atmospheres having different intensities 
for the continuous ground, an absorption spectrum at 12 atmos- 
pheres and emission spectra at 16 and 24 atmospheres. The rela- 
tively small displacements of the starred lines of Table I may 
readily be seen. 

A large number of photographs have been taken for the region 
45300 to A5500, as the strong lines in this region are especially fa- 
vorable for examining the characteristics of furnace displacements. 
Eight lines occur in this region which are of about equal intensity 
and show pressure displacements of nearly the same magnitude. 

t Philosophical Transactions, A 208, 111, 1908. 

2 Astrophysical Journal, 26, 18, 1907. 
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They reverse readily in the furnace at moderate temperatures, the 
width of reversal increasing progressively toward the violet. This 
group of lines has been studied at successive steps of 4 atmos- 
pheres up to 24 atmospheres, and also for the possible effect upon 
displacement of variations in temperature and other conditions of 
the furnace. The displacement values for various pressures are 
given in Table II. 

Table II shows a maximum variation in the shift per atmosphere 
of less than ro per cent for those conditions which may be regarded 
as standard, namely emission spectra in air at pressures of 4, 8, 16, 
and 24 atmospheres. The large values given by one plate for 12 
atmospheres in absorption are of doubtful weight, owing to the 
width of the lines. Absorption spectra at 8 and 16 atmospheres 
with fairly narrow lines gave displacements close to the general 
mean. The large shifts measured for two plates in carbon dioxide 
at 8 atmospheres may be real and will be considered later in the 
discussion. The number and quality of the plates at disposal leave 
little question that there is a regular increase of displacement with 
pressure through this range of moderate pressures. The material 
thus supplements the data from arc investigations, in which as a 
rule many irregular values have appeared at pressures under 20 
atmospheres, and in which the proportionality of displacement to 
pressure in this range was somewhat doubtful. 

The measurements for one atmosphere require explanation, 
since the probable error is large in proportion to the displacement 
measured. ‘The furnace was operated in a partial vacuum for the 
comparison and then at about atmospheric pressure, the interval 
being regulated by a mercury manometer for which the difference 
in level was kept equal to the barometric height. Three good 
plates having narrowly reversed lines were measured in each direc- 
tion. Single determinations ranged from 0.002 to 0.008, the 
extreme limits being rare. As the eight lines show displacements 
of the same magnitude, each plate thus furnished 16 determinations 
of the interval in question, giving a total of 48 measurements to 
make up the final mean of 0.00525 for a pressure of one atmosphere. 
It is believed that fairly high weight can be given this value of the 
shift for this difference in pressure. It shows that the displace- 
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ments produced by any pressure as referred to the furnace in 
vacuum may be fairly compared with arc measurements, for which 
the pressure is usually taken as the excess above one atmosphere. 

The arc displacements for 8 atmospheres as measured by Gale 
and Adams are given in the last column of Table II. There is a 
close agreement among the individual values as for the furnace. 
The difference between the mean shifts per atmosphere for the two 
sources is not so large as for the lines given in Table I, but the differ- 
ent appearance of the lines in arc and furnace for this region makes 
them more difficult to compare with accuracy. The lines of Table 
II are usually unreversed in the arc at moderate pressures, only 
A5328 and A5371 sometimes showing slight reversal. In the 
furnace the fact that they are low-temperature lines and are given 
by the vapor near the ends of the tube permits them to be clearly 
reversed. Another set of pressure-arc measurements for the lines 
of Table II is given by Humphreys.’ His measurements for the 
eight lines under a pressure of 41 atmospheres gave a mean shift per 
atmosphere of 0.0023, or less than one-half of the mean furnace 
displacement. If we take the mean of Gale and Adams’ and of 
Humphreys’ values for the shift per atmosphere in the arc, it comes 
out 0.00293, giving a ratio of arc to furnace displacements of 0. 561. 

The strong lines AA 5497.735, 5501.683, and 5507.000, are 
usually unreversed in the furnace, and were not so favorable for 
accurate measurement as the lines given in Table II. Such meas- 
ures as have been made indicate that the displacements are of 
the same order of magnitude as those recorded for the neighboring 
lines. 

Plate XIV reproduces the lines of Table II, with the exception of 
45328. Variations of the pressure effect are shown ranging from 
the slight lack of continuity at one atmosphere as compared to 
vacuum to the large displacements at 24 atmospheres. In all of 
them, the progressively increasing width of the reversal toward 
the violet is evident. For 8 atmospheres, both emission and 
absorption spectra are shown. For 16 atmospheres, two emission 
spectra with quite different degrees of reversal and an absorption 
spectrum are given. The spectrum reproduced for 24 atmospheres 

t Loc. cit. 
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shows for most of the lines only the beginning of reversal. Another 
plate was obtained at this pressure with rather wide reversals. 


TITANIUM 

The titanium furnace spéctrum was photographed for the region 
4 4200 to 4 4600, in which two groups aggregating 20 lines were 
strong enough to measure up to 16 atmospheres. These lines are 
not reversed by the furnace at the temperatures employed. A 
good agreement appeared for sets of measurements by different 
observers, although the lines were not as satisfactory for measure- 
ment as if they had been reversed. An absorption spectrum at 
8 atmospheres gave displacements agreeing closely with the values 
for emission spectra. The measurements are presented in Table 
III, the arc displacements found by Gale and Adams for 8 atmos- 
pheres being given in the last column. The mean furnace shift 
per atmosphere is weighted on account of the small number of 
values for 12 atmospheres. 

Considering the character of the lines there is a good agreement 
between the displacements at 8 atmospheres for emission and 
absorption and also between the shifts per atmosphere at 8 and 16 
atmospheres. The ratio of mean arc and furnace displacements is 
almost the same as for the iron lines of Table I. The arc displace- 
ments for the 11 lines beginning with 4512.906 are consistently 
somewhat higher than for the first g lines in the list, while the 
furnace displacements are of the same magnitude throughout. 

As in the case of the iron spectrum, only the best lines are 
measured in this region. A much larger number can be obtained 
with varying degrees of accuracy, the precision in most cases 
becoming much less at higher pressures. 


VANADIUM 

Recent work by Rossi! has furnished measurements for the dis- 
placements of the stronger vanadium lines from 4 4000 to 4 4600 
as given by the arc at pressures of 15, 30, 50 and 100 atmospheres. 
The writer has taken a series of ten furnace plates for the same 
region at pressures of 8 and 16 atmospheres. Compressed air was 
used, with metallic vanadium in the furnace tube. On the better 


t Astrophysical Journal, 34, 21, 1911. 
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photographs the lines were in almost all cases reversed, the com- 
parison lines also being frequently reversed, so that close measure- 
ments were possible. 


TABLE III 
PRESSURE DISPLACEMENTS FOR TITANIUM 


8 Atm. HB 16 Atm. 8 Atm. 
0 : Pits Sapagel fo vote 2 Plates Arc 

4286.168.... 0.045 OLOAQ! VU eiatere ere 0.087 0.021 
4287.566... ©.040 O04 sean mnt eat 0.099 0.024 
42804237 ones 0.050 OhO40) Fi) |e tcraenes 0.075 0.025 
AZQUa DUA mere 0.049 O04 2 | kare teloters ©.0QI 0.022 
A205 sO TAR 0.046 ON OSM a ten ctarerels 0.094 0.022 
4298.828...2 0.045 Cove I tasers 0.095 0.025 
AZ00473 Zeiss 0.046 0.046 0.081 0.099 0.021 
AZOLNESS Herr 0.048 0.050 0.076 0.088 0.024 
4306.078.... 0.044 0.048 0.073 0.091 0.024 
4512.900... 0.047 On O43. Te Wardens 0.088 0.029 
4518.198.. 0.046 OL OAO Ai" Mecoeers 0.099 0.029 
4522.074.... 0.047 OlO45) ll ameeise eae ©.099 0.031 
4527.490.... 0.044 ©. O50) ue ||P amcor 0.100 0.029 
AS2QMATOM ae 0.043 0.047 0.077 0.097 0.031 
AS342053 cer 0.047 0.052 0.074 0.094 0.034 
A535 TAL Asa. 0.043 0.046 0.082 ©.102 0.029 
4544.864.... 0.048 OrOsOun vik: Be aosts 0.094 0.031 
4548.938.... 0.045 OFO44 aL Wn priate ©.099 0.031 
AS5 2 OS 2h ers 0.045 OxO40) A Bees 0.007 0.029 
4555.662.... 0.046 omen NM Peed 0.090 0.029 
Mean dis- 

placement.. 0.0457 0.0483 0.0772 0.0039 0.0270 
Displacement 

per atmos- 

phere=. er ©.00571 0.00604 0.00643 0.00587 0.00338 


Mean furnace displacement per atmosphere, 0.00592 
Ratio, Arc : Furnace=338 : 592=0.571 


Table IV gives the furnace displacements for vanadium, the arc 
displacements measured by Rossi for 15 atmospheres being given 
in the last column. The values in the third column, for unreversed 
lines at 8 atmospheres, were obtained from a plate made for the 
iron spectrum, but containing the stronger vanadium lines narrow 
and bright from impurities in the iron. 

From Table IV it is seen that the displacements per atmosphere 
at 8 and 16 atmospheres agree within 10 per cent. As the reversals 
at 16 atmospheres are rather wide, a difference of this magnitude 
may fairly be ascribed to errors of measurement and the propor- 
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TABLE IV 
PRESSURE DISPLACEMENTS FOR VANADIUM 


| 
: a (Caseversed) 16 Atm. rt 
4090. 728 OLO7Om Rey teen D2 amas ees 0.071 
4092 .821 GLOAO WE Lin) Mirren ed em kere rin ee | a Reet 
4095 .633 OsOA5 3 galls Slintcrcscse Gomer ||) eam eer rae 0.061 
4099 .941 00405 2 | Se, Le ee ©.049 
4102.321 OOOO, |e seven | ee earn 0.047 
4105.318 ONO4 gs pect -pet ogee me int] nea sien Rane 
4109 .905 O.OF00) Bote eter | eset ©.052 
4III.940 OsO4Gtr ee Gi rccy< eee |i 0.043 
4115 .330 OL0S80 se GI Partsae oo] ure arenes 0.043 
4116.634 ©5053 ee nee TN a erates 0.042 
4123.5390 C5040 ny | 8 Scie | ee eee 0.050 
4128.251 02047), Fi a “Sek ee ye en eee 0.046 
4132.100 O.043-09 Vs Menetsa |e eee 0.049 
4134.589 OsOs07 SP UG Satpal eters 0.044 
*4179.542 GO8G5 2 OP eee) cee Pate eye 
4182.755 O.O4ES POP Om seccnisce tt glam cece nen |e MEN reas 
*4330. 189 O5023/ 8 tists oo Seicre 0.039 0.042 
4332.988 revgeniee sie | Agirats 0.034 0.041 
*4341.167 ©2020" |e) acti 0.045 0.052 
*4353.040 ©.023)0- 8 |) een 0.039 ©.040 
4379-390 0.042 ©.049 0.086 0.046 
4384.873 0.042 0.040 0.087 0.046 
4390.140 0.048 0.044 0.085 0.043 
4395.413 ©.040 0.046 0.084 0.047 
4400. 738 0.035 ©.044 0.001 0.047 
4406. 810 0.037 0.042 OLOST! || eerste 
4407.810 0.040 0.047 csyisy = |  aanoe 
4408 . 364 ©.040 Os040) 0 | eee nena 
4408 .683 0.057 O;047) = (9 2 ecm aon parecer 
4416.636 0.035 0.042 0.084 0.043 
4421.733 0.044 0.037 0.096 0.046 
4426. 201 OF040 a oct 0.075 0.044 
4428.711 OLO34. Me Hl) fh ersiette 0.065 0.046 
4420.958 Os0A4E me ip Os cer me oy eer: 0.047 
4436. 313 feymeKy LI mS Soe 0.062 0.049 
4438 .006 0.035 0.031 0.077 0.043 
4441 . 881 0.033 0.036 0.084 0.050 
4444.566 0.035 0.037 0.074 0.049 
4457.600 Cltonta AN I dns ar (yelper 
4459.922 0.036 0.033 ©0580 & i) tact. 
4460. 389 ©.O41 0.035 OF O50) 0 yey | mtore ter 
¥4577.350 O}0LO EEE 0.038 0.044 
*4580.590 OXOLS ee | crt 0.034 0.042 
*4586.552 opeyey i our Oneeee Ah a Sipobe 
*4504.207 Cierny he cae 0.036 0.041 
SuMMARY, OmiTtinc * LINES 
Mean dispiace- 
MENG erate 0.0427 0.0406 0.0779 0.0478 
Displacement 
per atmos- 
pierce -yeeee 0.00534 ©.00507 0.00487 ©.00319 
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TABLE IV—Continued 


A 8 Atm Charron 16 Atm. 1S ee 

Mean displace- 

ment of lines 

also in arc.. 0.0428 0.0406 020808 [wae 
Displacement 

per atmos- 

phere of 

lines also in 

ATCu isepeacc 0.00535 0.00507 O-O05O5 11) | weeny 


Mean furnace displacement per atmosphere, 0.00509 
Mean furnace displacement per atmosphere for lines also in arc, 0.00516 
Ratio, Arc : Furnace=319 : 516=0.618 


tional increase of the displacements in general is in harmony with 
the results for iron and titanium. 

The ratio of the mean displacements per atmosphere for lines 
common to the furnace list and to Rossi’s list for the arc is close to 
that found in Tables [and III. The last two columns of Table IV 
show the relative displacements in furnace and arc for nearly equal 
pressures. Nine furnace lines which have shifts much smaller than 
the average are starred and are not included in the averages at the 
end of the table. For the seven lines of this set which were measured 
by Rossi, there appears to be a distinct relative difference as com- 
pared to the unstarred lines. At 16 atmospheres the furnace dis- 
placements of the starred lines are close to those of the arc for 
15 atmospheres while the displacements for the other lines approach 
a2:1ratio. These lines were measured on several good furnace 
plates and there can be no doubt of their large difference from the 
unstarred lines. So far as can be judged from the reproductions 
of Rossi’s spectra, the starred lines in the arc spectra are compar- 
able in quality with the others in his table. It is to be noted, 
however, that Rossi’s measurements for 30 atmospheres, which 
gave the lines distinctly reversed in the arc, show consistently 
smaller values for the starred lines than for the others. Until a 
more direct comparison of furnace and arc photographs is pos- 
sible, there is some question as to the certainty of a large relative 
difference for these lines. 

Vanadium spectra at 8 and 16 atmospheres, accompanied by an 
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arc spectrum taken at atmospheric pressure, are reproduced in 
Plate XIII. The four lines from A 4577 to A 4594 appear at the right, 
showing their displacements relative to those of the lines near 
A 4400. The two parts of the spectrum at 8 atmospheres were 
enlarged from the same negative, so that photographic differences 
are eliminated. 


EFFECT UPON DISPLACEMENT OF VARIATION IN FURNACE CONDITIONS 


Since many modifications are possible in the arrangement and 
operation of the furnace, it seemed worth while to see what differ- 
ences, if any, changes in certain variables might make in the pres- 
sure displacements. The region of spectrum selected for these 
experiments consists of the iron lines whose measurements for 
different pressures are given in Table II, with the addition of 
4 5269.723 on some of the photographs. The lines of this group 
have the advantages of giving fairly large displacements, all of the 
same order of magnitude, so that the mean can be used to deter- 
mine the effect of any special condition, and of appearing usually 
in reversal, which in the case of low temperature lines greatly 
increases the accuracy of measurement. The various modifications 
tried will be considered in turn. 

1. Temperature difference.—A variation in pressure displacement 
inversely as the absolute temperature of the source would be of the 
proper order of magnitude to account for the difference observed 
in furnace and arc displacements. It has been possible to test 
this point with the furnace in such a way that a relation of this 
kind should have shown itself, but the results have failed to reveal 
a dependence of displacement upon temperature. 

In these experiments a definitive test required a pressure high 
enough to give a large displacement and also a temperature differ- 
ence as great as possible, both conditions acting against obtaining 
lines of the best quality for a close comparison. Pressures of 12, 
16, and 20 atmospheres were used. At each pressure, a temperature 
was taken as low as would give clearly defined lines and then as 
high as could be employed. It was not possible to go to the upper 
limit of the furnace temperature, as wide reversals were given, and 
if the exposures were made long enough to narrow the reversals only 
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temperatures up to a certain limit could be used without generating 
large quantities of white vapor which cut off the light. 

Little confidence could be placed in comparative measurements 
for the extreme low and high temperatures on account of the dif- 
fuseness of the lines at the pressures employed. To obtain good 
lines for measurement, the furnace was always operated at moder- 
ate temperatures (not above 2400° C.). The method adopted for 
the temperature comparison was to make exposures at the same 
pressure for low and high temperatures on the same plate, placing 
one outside of the other by means of the occulting device above 
the slit, and making vacuum exposures before and after to test for 
instrumental disturbance during the experiment. 

Twelve plates were taken by this method for the iron lines from 
A 5300-4 5500 and from A 4200-A 4500. Various temperature inter- 
vals were taken, usually those for which the pyrometer gave differ- 
ences of about 500° C. The actual difference was probably greater 
than this on account of the readings being affected by the cloudy 
condition of the furnace interior at the high temperatures. Very 
good plates were obtained at 12 atmospheres with lines reversed in 
each photograph taken with a temperature difference of about 
300° C. The reversals appeared to be perfectly continuous in the 
two spectra side by side. Larger temperature intervals gave the 
low temperature lines unreversed, and the maximum difference 
should have been given for 20 atmospheres with a temperature 
interval of at least 500°. This gave an absolute displacement of 
about o.1 A for both lines, and no difference in position could be 
detected between bright low temperature lines and the same lines 
reversed at high temperature. A difference in displacement 
inversely proportional to the absolute temperature would amount 
to about 20 per cent under these conditions and although the quality 
of the lines makes one hesitate to say that there is certainly no 
difference, it can be said that a difference of this magnitude should 
have been perceptible in a visual comparison made in this way. 
Higher pressures were tried, up to 30 atmospheres, but difficulties 
attendant on the increased pressure prevented the obtaining of 
photographs satisfactory for comparison at both high and low 
temperatures. 
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Evidence offered by the structure of reversed lines bears on the 
effect of temperature difference. All of the lines whose measure- 
ments are given in this paper, when reversed at all, show reversals 
nearly if not quite symmetrical up to the highest pressures observed, 
24 atmospheres in the case of the iron lines. An increased displace- 
ment for the low temperature line given by the cooler parts of the 
furnace tube should make the line as a whole unsymmetrically 
reversed, the portion to the violet of the absorption line being the 
wider. Lines having this appearance are rare in any source, the 
arc usually giving strong widening to the red when lines reverse 
unsymmetrically, while, for the lines considered in this paper, the 
symmetry of the arc reversals agrees with those shown by the 
furnace. A condition which is conceivable but highly improbable 
may be mentioned. If the emission line widened under pressure 
unsymmetrically toward the red and if at the same time the absorp- 
tion line had a larger displacement owing to the lower temperature 
of the vapor producing it, the widening of the emission line and 
the increased displacement of the absorption line might keep pace 
and preserve the appearance of symmetrical reversal. There is no 
reason to believe that this actually takes place. Such lines when 
unreversed under pressure should show strong widening toward 
the red. The iron lines of Table II have been obtained in the 
furnace unreversed at several pressures. They also appear usually 
unreversed in the arc under pressure and much widened when iron 
terminals are used, but this widening remains nearly symmetrical 
both in furnace and arc. 

If a decrease of displacement with increasing temperature were 
found really to exist, the widening of the lines, which seems to 
accompany increased pressure in all sources which have been 
observed, would be expected to remain, and we should have the 
condition in solar and stellar spectra that lines widened but not 
distinctly displaced might indicate high pressures which produced 
little or no displacement by reason of the high celestial temperatures 
involved. The evidence presented by the furnace experiments, 
however, is against a dependence of the pressure displacement on 
the temperature of the source. 

2. Effect of different compressed gases.—It was noted in the dis- 
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cussion of Table II, that two good plates for the furnace in carbon 
dioxide at 8 atmospheres gave consistently larger displacements 
than were observed for compressed air, the difference of the means 
amounting to about 10 per cent. This difference is not certainly 
beyond possible errors of measurement, but the measurements by 
different observers agreed very closely and the difference is larger 
than was obtained between photographs of similar quality for any 
other conditions of the furnace. Photographs of poorer quality for 
the iron lines of Table I and the titanium lines of Table III, each 
at 8 atmospheres in CO., failed to show a decided difference from 
corresponding photographs for air. Higher pressures with carbon 
dioxide gave poor results on account of the large amount of white 
oxide which was generated. 

The possibility of carbon dioxide giving larger pressure dis- 
placements than air on account of its higher dielectric constant was 
discussed in my preliminary paper.*. The present results show that 
this can have no important bearing on the difference between fur- 
nace and arc displacements, since the greater part of the furnace 
work has been done with air. Rossi? has recently tested this ques- 
tion for the arc by obtaining the displacements of a number of iron 
lines in air and in carbon dioxide at 15, 30, and 50 atmospheres. 
The mean displacements for the two gases agreed closely. 

It is worthy of note in this connection that, judging from my 
experiments with the furnace, the carbon dioxide is probably 
largely turned to carbon monoxide before it reaches the region 
where maximum radiation is taking place, and the same is probably 
true to a certain extent for the arc. As the dielectric constant 
of carbon monoxide is but slightly greater than that of air, being 
much less than for carbon dioxide, but little difference in displace- 
ment is to be expected through this agency. The furnace should, 
however, be more sensitive than the arc to any influence which the 
compressed gas can exert, since such a gas is thoroughly mixed with 
the metallic vapor and brought to the same temperature. 

3. Low vapor-density.—Table V gives a summary of the displace- 
ments for the furnace at 8 atmospheres under various conditions, 

* Loc. \¢tt. 

2 Philosophical Magazine (6), 21, 499, 1911. 
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the furnace tube being used without jacket in order to eliminate 
any effect due to vapors given off by the jacketing materials in the 
presence of oxygen. Compressed air was used throughout. On 
account of the tube rapidly becoming thinner when fully exposed 
to the air, some difficulty was found in keeping the temperature 
approximately constant, which affected the clearness of the 
reversals. The plates were thus not so satisfactory for measure- 
ment as those for which the jacket was used, and the deviations of 
small size from the values given in Table II are probably to be 
ascribed to this cause. From one to four good plates were measured 
for each condition summarized in Table V. 


TABLE V 


PRESSURE DISPLACEMENTS FOR IRON AT 8 ATMOSPHERES UNDER VARYING 
CONDITIONS OF THE FURNACE 


TUBE 20 OR 25 cM LONG 


2 Saal amcune | Tose 
Small Amount Fe with Ca lace Uae 
From Table II fire and NaCl of re a 
E2000 72 ssc ae eee ee 0.044 0.036 0.038 0.037 
5328. 236 0.043 0.043 0.044 ©.041 0.039 
5371.734 0.041 0.043 0.040 0.041 0.038 
5307-344 0.042 0.044 ©.040 0.045 0.045 
5405.989 0.041 0.043 0.037 ©.041 0.039 
5429.QII ©.044 0.044 ©.040 ©.040 0.042 
5434-740 0.036 0.044 0.033 0.037 0.039 
5447 .130 ©.047 0.042 0.038 0.042 0.038 
5455-834 0.040 0.042 O5O35ior|) tens 0.039 
Mean... 0.0418 0.0432 0.0381 0.0406 0.0306 


Plates taken without the jacket for the regular size of tubes and 
usual amount of iron gave means very close to those of Table II; 
so the first column of displacements is taken directly from Table II 
and used for comparison with the values for the special conditions 
in which no jacket was employed. 

A very little iron (about o.05 gram as compared with 2 grams 
or more generally used) gave lines unreversed, but of good quality 
for measurement. The displacements for the several lines agreed 
very closely as is seen in the third column of Table V, the mean 
being close to the general mean of Table IJ. The furnace thus 
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confirms the conclusion that has been drawn by a number of 
observers of the arc under pressure that displacement is not 
dependent on the quantity of the metallic vapor present. 

4. Effect of foreign vapors.—In a long column of vapor such as 
that given by the furnace tube, irregular refraction effects are pos- 
sible, which may under certain conditions give a displacement of 
the lines to the red. In the usual operation of the furnace, with 
the jacket about the tube, the spectrum showed that a consider- 
able amount of calcium and sodium was present, presumably given 
off by the carborundum and graphite, and in order to see if the 
displacement was affected thereby, an attempt was made to 
increase the effect by introducing a large quantity of metallic cal- 
cium and sodium chloride with the iron. To insure maximum 
effect during the pressure exposure, these were put into the tube, 
by removing the window-holder, after the first comparison exposure 
in vacuum had been made. A brilliant banded spectrum from the 
calcium, together with very widely reversed D lines, attested the 
presence of a dense vapor from these substances, especially in the 
earlier stages of the furnace run. Some of the photographs under 
these conditions were rather difficult to measure, the reversals 
appearing as if an unsteady distribution of the vapor had existed 
during the exposure, which may have been due to disturbances 
other than refraction. I am not prepared to say that anomalous 
dispersion does not enter in some degree when a mixture of this 
sort is present in the tube, but such effect as there is on the dis- 
placements is in the direction of lower values; so that the generally 
high values of the furnace as compared to the arc are not explained 
by an influence of this sort. Tubes with 25 cm heated between the 
contact blocks were used for some of these tests. The mean dis- 
placements obtained are given in the fourth and fifth columns of 
Table V, the latter column giving the results when a very little iron 
was used with the calcium and salt. The deviation of the means 
from the value in column two, in view of the character of the lines, is 
not large enough to indicate a real effect on the displacement. 

5. The use of short tubes—The method of using tubes of about 
one-fourth the regular length was described on p. 186. If the length 
of the column of vapor were an essential factor in determining the 
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displacement, a decided difference should have appeared for these 
tubes. The vapor-density was kept closely comparable with that 
for the long tubes by using a quantity of iron proportional to the 
length of the tube. Thevresults are given in the final column of 
Table V. <A difference of only 5 per cent appears between this 
mean and that in the second column, so that the length of the tube 
can be regarded as without decided effect on the displacement. 


COMPARISON WITH THE ZEEMAN EFFECT 


A comparison of the pressure displacements with the separations 
produced by a magnetic field for the lines considered in the present 
paper offers little evidence in support of a close connection between 
the two phenomena. 

The magnetic separations for the iron and titanium lines have 
been published by the writer’ and those for vanadium by Mr. 
Babcock.? 

The iron lines of Table I show triplet separation in the magnetic 
field with the exception of 4A 4251 and 4294 which are complex. 
The remaining lines, including A 4415 which may have more than 
three components, have the following values of the separation 
divided by the square of the wave-length for a field of 16,000 
gausses: 


IN AA/AS N AA/A# 
4271 .934 1.868 4404.927 I.720 
4308 .081 1.724 4415. 203 1.734 
4325-939 1.309 4427 .482 2.104 
4376.107 Oore 4461 .818 2.185 
4383 .720 rey 27 


These measurements for the separations are all of high weight. 
AA 4376, 4427, and 4462 are seen to have magnetic separations of 
equal magnitude, this separation being distinctly larger than those 
of the remaining triplets in the list. Their pressure displacements 
in the furnace, however, are about half as large as those of the other 

t Papers from the Mount Wilson Solar Observatory, Vol. II, Pt. 1; Carnegie Insti- 
tution Publication No. 153, 1912. 


2 Contributions from the Mount Wilson Solar Observatory, No. 55; Astrophysical 
Journal, 34, 209, I9It. 
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lines. The relative effects of pressure and of the magnetic field are 
thus opposite for the two groups of triplets in this list. 

The iron lines of Table II, which agree among themselves as to 
pressure displacement, show a variety of magnetic separations, all 
of them complex with the exception of A 5434.740, which is unaf- 
fected by the magnetic field. There is therefore no clear basis for 
comparison of the two effects. The case is similar for the titanium 
lines of Table III, the displacements being of about equal magni- 
tude, while the magnetic separation varies from an unaffected line 
(A 4295.914) to those having from 8 to 12 components. 

The vanadium lines of Table IV show two groups of four lines 
each (A 4330-4 4353 and A 4577-A 4594) which have about half of 
the average displacement. These 8 lines are all given as show- 
ing triplet separation in the magnetic field, as do 25 other lines in 
Table IV. The average value of AA//? for 20,000 gausses is 1.81 
for the 8 small-shift lines and 2.55 for the 25 lines having larger 
displacements. The effects of pressure and of the magnetic field 
are thus in the same direction for these groups. 

The data here given do not materially alter the general situation 
as to the relation of the pressure and Zeeman effects, since the 
writer has shown’ that no close correspondence exists between the 
effects for individual lines or even small groups, a general agree- 
ment as to relative magnitude becoming apparent only when the 
means of large numbers of lines are considered. 


THE RELATION OF DISPLACEMENT TO WAVE-LENGTH 


One or two points concerning the iron lines of Tables I and II 
may be referred to here, though the number of lines is small for a 
discussion of the relation to the wave-length. The average dis- 
placement per atmosphere of the lines from A 5300 to A 5500 is but 
little larger than for the lines showing the larger shifts in the region 
4 4200 to 44500. The displacements of the three lines in Table I 
showing small shifts, however, are related to the displacements of 
the lines in Table II very nearly as the third power of the wave- 
length, a relation which was found by Gale and Adams? to hold for 


* Contributions from the Mount Wilson Solar Observatory, No. 46; Astrophysical 
Journal, 31, 433, 1910. 
LOG. Cit. 
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the mean displacements of iron lines in the arc through a long 
range of the spectrum. The ratio of the cubes of the mean wave- 
lengths for the two regions would require a displacement of 0.023 A 
at 8 atmospheres for AA 4376, 4427, and 4462, a value slightly 
higher than that given for these lines in Table I. 

The chief significance of this result, in the writer’s opinion, lies 
in the fact that the three blue lines are very similar to the lines of 
Table II in their response to temperature excitation of the furnace. 
At low temperatures they are relatively strong as compared to the 
other lines in Table I, and the similarity holds for their appearance 
in the arc, where these low temperature lines are usually sharp and 
reverse with difficulty. The unstarred lines of Table I are less 
comparable in general behavior with those of Table II, since they 
are strong under all conditions and are susceptible to pronounced 
widening and reversal in the arc. The lack of distinct change in 
the displacements of such lines with the wave-length seems less 
significant than the approximate third-power variation for lines 
showing the same sort of response to temperature. 


THE DIFFERENCE OF FURNACE AND ARC DISPLACEMENTS CONSIDERED 
IN CONNECTION WITH WIDENING PHENOMENA 


It is apparent in Tables 1 to IV that there are consistent differ- 
ences, from 50 to 75 per cent, between the displacements per at- 
mosphere of groups of lines given by the furnace and arc which 
as a rule are fully comparable as to accuracy of measurement in the 
two sets of spectra. Naturally there are individual cases, some of 
which have been noted, where the quality of the lines for measure- 
ment is better in one source than in the other, but this can scarcely 
exert any effect on the general result. The precautions taken to 
make instrumental conditions as much alike as possible for furnace 
and arc observations made in this laboratory have been described. 
Asa guard against personal differences in measurement, Miss Lasby, 
who took part in the reduction of the pressure-arc photographs, has 
kindly measured several of the furnace plates, with the result that 
no systematic difference in values can be ascribed to the method of 
measurement. The possible influence of unsymmetrical widening 
has been carefully considered, but this appears to explain but little 
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of the effect, largely because most of the lines listed here do not 
seem to widen unsymmetrically in any source. The reversals have 
occasionally been obtained very narrow compared to the total 
width of the line for pressures of 16 atmospheres or more (see for 
example 4 5371 in No. 6 of Plate XIV). In such cases a widening 
of the reversal toward the red which could affect the measurement 
would be accompanied by a very pronounced dissymmetry of the 
line as a whole. 

The various modifications of the furnace which have been tried 
have proved ineffective in producing a distinct difference in the 
mean displacement of the lines. For most of the differences between 
the radiation conditions of furnace and arc, however, it is difficult 
to bridge fully the gap between the two sources. 

It is now desired to call attention to a difference in the structure 
of furnace and arc lines which I believe may furnish the key to 
their different displacements. I have always observed in furnace 
spectra a certain ‘‘softness” in the appearance of the lines. As 
compared to arc lines photographed on the same plate, the furnace 
lines have a more uniform intensity over their width, so that for 
the same width in the negative the furnace lines are less dense than 
those of the arc. This indicates a flatter intensity-curve for the 
furnace lines, a smoothing down of the central maximum, which 
seems to be different in character and more fundamental than a 
widening produced by changes in the quantity of vapor present. 

The furnace, except when used for pressure experiments, has 
generally been operated in a partial vacuum to avoid oxidation, 
and even this condition, which favors the narrowness of furnace 
lines as compared to those given by the arc in open air, showed this 
relatively large width of lines in the furnace spectrum. In order 
to make a closer comparison of the widening in furnace and arc, a 
special set of photographs was made for the iron and titanium lines 
whose pressure displacements are studied in this paper. The 
furnace spectrum was photographed at atmospheric pressure, the 
outlet valve being left open. Then a number of exposures were 
made on the same plate with the arc in open air for currents 
ranging from 2 to 20 amperes, the exposure times being graduated 
to make the various arc spectra of about equal intensity. A 
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change in current seems to be the most effective means of increasing 
the widening of arc lines when plenty of the substance is ready to 
be vaporized, as when metallic terminals are used. As we cannot 
get at the relative quantity of vapor per unit volume in the furnace 
and arc under given conditions, the two sources are best made 
comparable by having the metal abundant in each, as was done by 
placing a large amount of powdered iron or titanium in the furnace 
tube and using as arc terminals iron rods or carbons, of which the 
lower held a large quantity of titanium carbide. 

Plate XV shows portions of the iron and titanium spectrum con- 
taining the lines of Tables II and III as given by the furnace at 
atmospheric pressure and by the arc in air at 20, ro, and 2 amperes. 
Width of slit and all adjustments of the spectrograph were 
unchanged during each series and the negative was copied on a 
single plate, effects of this sort being very sensitive to differences in 
photographic contrast. The first set of spectra shows the iron arc 
at 20 amperes giving about the same degree of reversal as the 
furnace, AA 5269, 5328, and 5371 being reversed. None of the lines 
are reversed in the arc at 10 amperes or less. It is seen that the 
furnace lines are wider than those of the arc even for 20 amperes, 
while the negative shows the arc lines to be slightly the blacker. 
Another negative, not so favorable for reproduction, shows a 
furnace spectrum having lines of the same width as arc lines which 
are twice as black. 

The lower part of Plate XV shows the two portions of the 
titanium spectrum measured in Table III. The enlargements are 
made from the same negative, the furnace spectrum at atmospheric 
pressure, together with arc spectra at 20, 10, and 2 amperes, being 
arranged as for the iron series above. Several of the stronger 
lines show the beginnings of reversal in the furnace, such lines 
being distinctly reversed in the arc at 20 amperes, but not for 10 
amperes. The greater width of the furnace lines in proportion to 
their density when compared to the arc lines is very distinct. The 
appearance of the furnace lines is approached most nearly by the 
arc at 20 amperes, but even then the widening conditions in the 
arc are not as strong as in the furnace. 

The furnace was not used at atmospheric pressure for vanadium, 
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but the difference in structure of furnace and arc lines is shown by 
comparing the arc spectrum of vanadium in Plate XIII with the 
vacuum furnace photograph immediately below it, used as com- 
parison for that at 8 atmospheres pressure, arc and furnace expo- 
sures being on the same plate. Even in vacuum, the furnace gives 
broad lines, easily reversed, in contrast to the narrow, dense 
structure of the corresponding lines in the arc. 

It would seem, therefore, that we have consistent experimental 
evidence of a tendency of the furnace to produce lines wider in 
proportion to their density than are given by the arc, at least for 
the moderate currents usually employed in pressure-arc work. 
The application to the displacement question is that 7f the radiation 
of the furnace is such as to give lines which are wide in proportion to 
their density, then since widening and displacement are inseparably 
bound together when pressure is acting, the furnace lines, being more 
susceptible to the widening influence, should also respond more readily 
to the displacing action of pressure. Again it must be borne in mind 
that this widening refers to a change in the intensity-curve for a 
given line, not to the general strengthening and proportional 
widening which results from greater vapor-density. 

It is not clear why the radiation conditions of the furnace should 
give lines of large absolute width, and the theory of widening, so 
far as worked out, gives little aid in the explanation; but experi- 
ment shows the action of the furnace to be in this direction. It is 
evident, however, that the conditions of emission and absorption 
in the furnace tube will account for some features in the appear- 
ance of the lines. Reversal certainly takes place easily in the 
furnace for most of the lines considered in this paper. It follows 
that such lines when unreversed will have the peak of the emission- 
curve flattened to a greater or less extent by absorption. An 
approach to uniform density across the width of the furnace line 
would then result, especially as there is some variation in the con- 
dition of the vapor during the exposure time required for these 
large scale photographs. This relation of emission and absorption, 
together with a width of line approached in the arc only for high 
current-strength, form the distinguishing characteristics of the 
furnace lines. 


200 


PRESSURE UPON ELECTRIC FURNACE SPECTRA 29 


It seems to me probable that such other apparent variations of 
pressure displacement in different sources as have been observed 
may well be based on this ability of a source to give widened lines 
when such widening depends upon features of the source other than 
vapor-density. Gale and Adams" obtained consistently larger 
mean displacements for a number of lines in the titanium spark 
than were given by the arc. We have again the experimental fact 
that lines are wider in the spark than in the arc. Gale and Adams 
also note that these titanium lines reverse more widely in the spark, 
though usually symmetrically. The decidedly larger displacements 
of enhanced lines given by the spark may be based on the same 
cause, since for such lines the widening influence of the spark 
discharge has a maximum effect. 

The mechanism by which the furnace gives relatively wide lines 
must be quite different from that acting in the spark, where the 
widening depends upon the disruptiveness of the discharge and the 
lines can be made very narrow by the use of self-induction in the 
circuit. 

According to the above hypothesis, any light-source whose 
radiation is such as to give widened lines should give relatively 
large pressure displacements. A very high-current arc should give 
larger displacements than an arc with low current. Also, it should 
be possible to vary spark displacements by gradually taking out 
self-induction and increasing the capacity. No systematic experi- 
ments on these points have been carried out, and in any case 
comparative measurements would be difficult by reason of the 
large difference in the character of the lines produced by very 
diverse conditions of the same source. For sources widely different 
in nature, as are the arc and the furnace, differences in radiation 
can exert their full effect and still lines can be obtained in the 
spectrum of each whose measurements are fully comparable. 


SUMMARY 
The leading results of this investigation are as follows: 
1. Sufficient material has been collected to give measurements 
of fairly high weight for the displacements of certain groups of lines 
in the iron, titanium, and vanadium spectra. 


1 Op. cit., Pp. 41. 
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2. The measured displacements of iron lines for pressures from 
1 to 24 atmospheres and for titanium and vanadium lines for 8 and 
16 atmospheres as compared to vacuum show a close proportionality 
between displacement and pressure for these ranges. 

3. The pressure effect in absorption has been developed as a 
useful method for certain kinds of lines, giving displacements in 
general of the same magnitude as for emission lines. 

4. Temperature differences of at least 500° C. for a pressure of 
20 atmospheres have failed to show a definite variation of displace- 
ment with the temperature. 

5. Variations in quantity of vapor present and in length of tube, 
also the addition of foreign vapors, have not appeared to affect the 
furnace displacements. 

6. Some additional data have been secured regarding the degree 
of correspondence between displacement and magnetic separation. 

7. A few iron lines affected similarly by temperature-changes are 
compared in regard to change of displacement with wave-length. 

8. The furnace has in general given displacements much larger 
than those of the arc, and a special study has been made of the 
structure of furnace and arc lines which it is believed may con- 
tribute to an explanation of this difference. 

I am indebted to Miss Sheldon for regular assistance in measur- 
ing the photographs, also to Miss Lasby for check measurements 
on several plates. 


Mount WILtson SOLAR OBSERVATORY 
February 1912 
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TERTIARY STANDARDS WITH THE PLANE GRATING 
THE TESTING AND SELECTION OF STANDARDS 


FIRST PAPER 
By CHARLES E. ST. JOHN ann L. W. WARE 


INTRODUCTION 


At the meeting, on Mount Wilson August-September 1910, of 
the International Union for Co-operation in Solar Research, the 
question arose as to the adaptability of the plane-grating spectro- 
graph of long focus to interpolating between the secondary stand- 
ards in the determinations of the standards of the third order, and 
in the measurement of arc, spark, and solar spectra in the inter- 
national units. In the recommendations of the Committee on 
Wave-Lengths that were adopted by the Conference occur the 
following resolutions :* 

4. The laboratories or observatories possessing first-rate concave gratings 
are invited to determine by interpolation as soon as possible standards of the 
third order in the spectrum of the iron arc within the above range of spectrum 
[i.e., A 4282-A 6494]. 

8. It is very desirable that in different laboratories possessing concave 
gratings of the best quality, photographs of arc, spark, and solar spectra, and 
new measurements according to the international system, shall be taken as 
soon as possible. 


This preference of the concave grating over the plane grating 
was questioned by those who have had experience in the determina- 
tions of wave-lengths by means of the plane-grating spectrograph 
of long focus. The question was raised by Professor Plaskett, and 
in response the position of the Committee was given by Professor 
Kayser, who said 

I think it will be much more difficult to use plane gratings, because the 
spectrum is not normal and it is necessary to apply corrections. I have no 
plane gratings of my own and have never tried to measure wave-lengths with 

Transactions of the International Union for Co-operation in Solar Research, 3, 33. 

2 [bid., p. 42. 
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them, so I cannot tell if the order of precision is the same as for concave grat- 
ings, but in every case I should prefer concave gratings. 


The discussion was later taken up by Newall, Adams, Fabry, 
and St. John,* and the point of view of those who have had experi- 
ence was expressed by Newall, who said: 

Many of those who are engaged in solar observations are using plane grat- 
ings, arranged in the Littrow form, and many of us are of the opinion, rightly 
or wrongly, that the plane grating can compete quite well with the concave 
grating, provided the rest of the optical train is accurate enough. So it is 
hoped that provisionally we may regard the words “concave grating of the first 
quality” as not to be taken as of the essence of that resolution. 


As is well known, considerable use of the plane grating is made 
at the observatory on Mount Wilson for determining the wave- 
length of spectral lines; and it is exceedingly important to know 
what degree of precision can be obtained by the use of the plane 
grating as compared with the concave grating in interpolating 
between standards about so Angstroms apart, when the former is 
employed in a spectrograph of great focal length. 

The immediate motive for taking up the determination of the 
wave-lengths of the tertiary standards in the red arose from the 
need of standards for determining the wave-lengths of the oxygen 
band in the solar spectrum at about A 6300. The original intention 
was to use the wave-lengths of the tertiary standards published 
by Professor Kayser,? but when these were tried it was at once 
found that they did not form a consistent series on Mount Wilson. 
If these tertiary standards were omitted, however, the secondary 
standards did form a consistent series, provided the international 
values for the wave-lengths were employed, instead of the ‘‘ad- 
justed” values of Kayser. This induced us to redetermine the 
wave-lengths of some of the tertiary standards in this region, 
with what at first were surprising results. For this purpose we 
used the international standards of the second order. The results 
from a preliminary series of determinations are shown in Table I, 
together with the international standards and the corresponding 
data from Kayser’s table of wave-lengths. 

t Ibid., pp. 65-66. 

? Astrophysical Journal, 32, 217, 1910. 
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It appears that the wave-lengths for the two lines A 6297 and 
4 6322 agree closely with those given by Kayser and come into 
almost exact agreement when the differences in the standards are 
taken into account, while for the three remaining lines the differ- 
ences from Kayser’s values are far outside the limits of error. It 
was at first exceedingly puzzling that lines in such close proximity 
to each other and to the standards, as are these five lines, should 
give values differing so widely from Kayser’s. We soon con- 
vinced ourselves, however, that these were real differences and 
could not be attributed to errors of measurement. In seeking for 
an explanation, we compared our results with the behavior of the 


TABLE I 


| 
International Kayser’s : 
Standards Adjusted Mt. Wilson 


Pressure of 8 Atm, 
above Normal 


Kayser Meas Group 


GLO5eTAST C205. FAST tic. aces) IN ares oar 0.000} 0b 0.070 A. 

4 eee Sy | ee ere 6297.802 | 6297.804 | +0.002 b 0.068 

1 ie a | ene eee, Sa 6301.519 | 6301.528 | +0.009| d Ones 

aR an) eR TA 6302.511 | 6302.522 |-++o.o11| d | Similar to A 6301 
but unmeasurable 

GIT OO2Sr OSTOTOS TMs c anes al Seape ser. +0.003 b 0.080 

BE Ae On Roane 6322.697 | 6322.698 | +0.001 b | Group 6 by inspec- 
tion 

GazesoAre |POSSSe 28a tt pucecic) |e ove- reece —o.0oo2| 3b 0.074 

3 ie RSE Nie eer 6336.843 | 6336.850 | +o.007] d 0.26 

BSGSE OT OSG SUOTS Wee re scl som meee cin arene ©.000| 3b 0.072 


lines under pressure as found by Gale and Adams.’ From their 
results we give in the sixth column of Table I the group to which 
the individual lines belong according to their classification, and in 
the seventh column the displacements to the red under a pressure of 
8 atmospheres above normal. In the case of lines that could not 
be measured on these plates we give the results from inspection. It 
is in general easy to determine the group or the type of displace- 
ment by inspection, even when no measurements are possible. 
The line at A 6302 shows on their plates a tremendous displace- 
ment to the red, similar to A 6301, but too diffuse for measure- 
ment. It is at once apparent from inspection of the table that our 

Contributions from the Mount Wilson Solar Observatory, No. 58; Astrophysical 
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results are related to theirs, and that the lines showing such 
tremendous displacements to the red under pressure on the 
laboratory plates are the lines showing a lessened wave-length 
on our plates. These lines belong to group d of their class 5, 
of which they say:* 

Almost all of the lines belonging to it occur in the yellow and red portions 
of the spectrum, and all show enormous displacements. The widening of these 
lines and their lack of symmetry are so great, however, that many of them are 
practically incapable of measurement, and for the others the degree of accuracy 
is extremely low. The measures when made are upon the maximum, which is 
always upon the violet side of the center of the line. 


The first thought was that in the case of unsymmetrical lines 
the two types of gratings might conceivably give the lines a different 
appearance. The plane grating having no astigmatism reproduces 
the exact form of the lines, while the great astigmatism of the con- 
cave grating tends to obliterate the differences between the middle 
and the extremities of the lines, giving them a more uniform appear- 
ance throughout their length. This difference in the behavior of 
the two types of gratings, if effective, would tend, however, in the 
case of the plane grating to give a longer wave-length for lines so 
unsymmetrical on the red side, while our measurements gave shorter 
wave-lengths for these lines. It then occurred to us that the differ- 
ences were of the order that the differences in atmospheric pressure 
between the Pasadena laboratory and the observatory on Mount 
Wilson would produce. The elevation of Mount Wilson is 5886 
feet (1794m), the mean barometric height being 25.4 inches 
(62.2cm). The elevation of the Pasadena laboratory is about 
800 feet (244 m), so that the difference of altitude corresponds to a 
change of approximately one-fifth of an atmosphere. Under this 
decrease of pressure the lines under consideration would undergo 
an absolute displacement of 0.006 Angstrém to the violet, on the 
basis of the measurements of Gale and Adams. Considering the 
difficulty of the measurement of these plates, it seemed probable 
that the cause of the discrepancies would be found in the extreme 
sensitiveness of these lines to changes of pressure. As to the appear- 

* Contributions from the Mount Wilson Solar Observatory, No. 58; Astrop hysica 
Journal, 35, 15, 1912. 
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ance of these lines under a pressure of 8 atmospheres above normal, 
Gale and Adams say:? 


Group d is made up of a very few lines in the violet, a fair-sized group in 
the greenish-yellow, and a smal] number in the red, all of which show immense 
displacements. The lines are bright and widened enormously to the red, the 
wings extending sometimes from 5 to 10 Angstrém units. ‘The precision of 
measurement upon these lines necessarily is very low, in some cases the deter- 
mination amounting to little more than an estimate of the maximum within the 
broad band. 


The preliminary work seemed to promise interesting and impor- 
tant results, and it was then decided to pursue the investigation 
further. No one questions the adaptability of the plane grating 
to differential measurements, but in the plan here proposed the 
absolute wave-lengths were to be determined both on Mount 
Wilson and in the Pasadena laboratory. In this way the pressure- 
shifts would be determined by the differences, while for lines 
belonging to the same groups as the standards two independent 
determinations of wave-lengths would be obtained. 


APPARATUS 


The following investigations were made upon two series of 
plates: 

1. A series taken on Mount Wilson with the 30-foot (g m) 
Littrow spectrograph used in connection with the 60-foot tower 
telescope, in which a plane grating by Michelson was used. This 
grating has an available ruled surface of 2.25 inches (57.1 mm) X 
4.88 inches (124mm) and gives excellent definition for both bright 
and dark lines. 

2. A series of plates made for us by Mr. Babcock with the 30- 
foot spectrograph of the Pasadena laboratory, in which another 
Michelson grating was used. 

Thus the two series were made separately by two observers 
with two different instruments. In general the second order of 
the spectrum was employed, with a scale of approximately 1mm 
=o.88 Angstrém, but for the detailed investigation of particular 
regions the third order was employed in which the scale of the 


1 Op. cit., pp. 31-32. 
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plates is approximately 1 mm=o. 56 Angstrom. The second order 
was used for the purpose of having a large number of standards 
upon each plate, and in order that the scale might be comparable 
with that used by Professor Kayser in obtaining his list of stand- 
ards of the third order, since at first it was thought that the 
accuracy obtainable by means of the plane grating might be 
shown by a comparison of our results with those already published 
by Professor Kayser. Later it developed that a more convincing 
test of their precision could be made by a comparison of our results 
for Pasadena and the summit of Mount Wilson. 

The arc used in both series is of the type suggested by Pfund,* in 
which a bead of iron oxide rests in a small cup-shaped bowl of the 
lower positive electrode consisting of an iron rod. The upper 
electrode is also of iron and carries a brass bushing to prevent 
overheating of the electrode. The arc was fed with a current of 
about 6 amperes from a t11o0-volt direct-current circuit. This 
type of arc proves to be very satisfactory in the steadiness of its 
burning, even for periods of an hour. 


METHOD OF REDUCTION 


The objection raised by the users of the concave grating to the 
employment of the plane grating for interpolating between stand- 
ards is, of course, that the scale of the spectrum produced by the 
plane grating varies continuously along the plate. In practice the 
tilt of the photographic plate in the spectrograph of the Littrow 
type is such that it is tangent to the focal curve of the lens, and with 
an achromatic lens of 30 feet focus, plates 17 inches (43 cm) long 
may be made so nearly coincident with the curve for their whole 
length that the definition of the lines is excellent over the full 
extent of the plate. The scale is then so nearly a linear function of 
the wave-length that for runs of 50 to 60 Angstréms it is practically 
linear within the limits of measurement. In every case the scale 
of the plate at any point is given by the ordinates of a smooth 
curve whose abscissae are the wave-lengths of the spectral region 
covered by the plate. There can be no irregularities in the course 


. t Astrophysical Journal, 27, 296, 1908. 
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of such a curve, as at each point it is a function of the correspond- 
ing point of the smooth color-curve of the lens employed, and of 
the angular distance from the middle of the plate. It is the practi- 
cally linear character of thecurve representing the scale of the plate 
that makes it possible to use the plane grating for interpolating 
between standards, and the inherent smoothness of the curve that 
makes it feasible to test the consistency of a series consisting of 
several standards. In the reduction of our plates the curve giving 
the scale of an individual plate was found by obtaining the factor 
(interval in Angstréms between two successive standards divided 
by the measured interval between the standards) for each two 
successive standards of the second order. These factors were 
carried to five significant figures, and plotted as ordinates with the 
mean wave-lengths of the corresponding intervals as abscissae. 
A smooth curve was drawn through the points, or sometimes 
straight lines were drawn from point to point, both methods yield- 
ing the same final results. Such curves are shown in Plate XVI, 
and will be discussed later in this paper. 

In interpolating to obtain the wave-lengths of intermediate 
lines, only lines were considered which were situated between two 
standards on the plate under reduction; that is, lines near the ends 
of the plates and beyond the last standards at either end were 
not measured. To obtain such lines a series of overlapping plates 
was used. In calculating the wave-length of any line it was referred 
to the nearest standard of lesser and also to the nearest standard 
of greater wave-length. The reduction factors were read from the 
curve at the points whose abscissae were the means of the wave- 
lengths of the required line and the standards of lesser and greater 
wave-length, the approximate wave-length of the line required being 
known or previously obtained. It will be seen that the course of 
the curve at the points at which the factors are taken is influenced 
not alone by the ordinate of the curve fixed by the two standards 
directly involved, but by the standards on either side of those to 
which the required line is immediately referred. Hence, the wave- 
length of the intermediate line is based upon at least four standards 
and the agreement between the results of the forward and back 
interpolations furnishes a basis for judging of the consistency of 
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the standards involved, and the method binds the determina- 
tion of the wave-length of the intermediate line to the four 
standards. 

The measurement of the plates was done mainly upon a Toepfer 
comparator with a screw 300 mm long, and upon a smaller 
Toepfer comparator with a screw 150mm long. Some plates, 
however, were measured upon Gaertner comparators with screws 
80mm long. In all cases the periodic errors were known to be 
negligible, and the errors of run were carefully investigated and 
the corrections applied to the measurements. The plates were 
measured red to right and red to left. At least four settings were 
made on each line in the two positions, bringing the cross-wire to 
the center of the line alternately from the right and left. In many 
instances, particularly in the case of the standards and some lines 
difficult to measure, the number of settings was doubled and some- 
times tripled. Single and double cross-wires were employed, their 
use depending upon the intensity of the plates. In obtaining the 
dispersion-curve from the standards, it would be desirable to 
measure over the whole length of a plate without changing its posi- 
tion on the comparator. This we were not able to do even with the 
largest comparator, which required one break in the series. The 
conditions are less favorable as the range of the screws becomes 
shorter, and there is a great loss of time, as well as greater liability 
to error, in measuring overlapping sections of the plate in order to 
piece the sections together. In the latter case special care is needed 
in lining up the spectra and the screw. The error introduced by 
lack of parallelism between the spectra and the screw is not so 
serious in interpolating between two standards as in obtaining the 
distances between successive standards upon which the course of the 
dispersion-curve of the plate depends. A comparator is now under 
construction in the observatory instrument shop especially adapted 
to work of this kind, with which a plate 50cm long can be measured 
without changing its adjustment. With this instrument it will be 
possible to obtain standards upon plates taken with higher dis- 
persion, and accordingly to reach a higher degree of accuracy in 
obtaining a dispersion-curve for testing the consistency of a series 
of standards. 
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THE TESTING OF THE INTERNATIONAL STANDARDS 
REGION A 5975-A 6404 


For this region international standards of the second order are 
available which belong toa single group when classified according to 
pressure-shift, and over the narrow region under investigation have 
the same pressure-shift per atmosphere. They have, therefore, 
the same relative wave-lengths under wide variations of pressure, 
and hence are suitable for comparing the wave-lengths of other 
lines measured both in Pasadena and on Mount Wilson. For con- 
venience of reference these standards are assembled in Table II 
together with the data from Gale and Adams as to pressure-shift, 
Kayser’s adjusted values, and their deviations from the inter- 
national standards. 


TABLE II 


STANDARDS OF THE SECOND ORDER 


International 


Sharairds Group A at 8 Atm. Kayser’s Adjusted I.—K. 

(5975-354) b 0.054 5975-354 0.000 
6027.059 b 0.062 6027.062 —0.003 
6065 .492 b 0.077 6065. 489 +0.003 
6137.701 b 0.078 6137.703 —0.002 
6191. 568 b 0.086 6191.568 0.000 
6230. 734 b ©.070 6230.734 ©.000 
6265.145 b 0.070 6265.145 0.000 
6318.028 b 0.080 6318 .031 —0.003 
6335-341 b 0.074 6335-339 +0.002 
6393.612 b 0.072 6393 .612 0.000 
6430.859 b 0.068 6430.848 +o.o11 
6494.993 b 0.065 6494.994 —0.001 

Wea a cena ttite et otoaiata ae 0.071 


Mean shift per atmosphere 0.009 


The line at A 5975 is not a standard of the second order, but a 
standard was needed near this wave-length, as it was desirable to 
include the two lines at A 6003 and A 6008 in the investigation. 
It was known from an inspection of the plates of Gale and Adams 
that these lines were enormously widened and displaced to the red, 
under a pressure of 9 atmospheres, and, in fact, Mr. Adams made 
a tentative measurement of the displacements of these two lines on 
one plate but did not consider the results of sufficient accuracy to 
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be included in their published list. They are given in our Table VI. 
The region is poor in lines and 4 5975 is not of good quality. It is, 
however, the only line available, and it belongs to the same group as 
the international standards, -and therefore retains its relative wave- 
length at observing-stations at different elevations, an essential 
property of standards, as will appear in the course of this investi- 
gation. The wave-length given by Kayser for this line was adopted 
provisionally. 

The inherent smoothness of the dispersion-curve for a plate 
makes it possible to test the consistency of a series of standards 
with a degree of accuracy which depends upon the length of the 
intervals between the standards and the precision of the measure- 
ments of the distances between the standards on the plate. This 
is of such great importance in the examination of standards that we 
give in Table III the complete data for such a curve extending 
over a range of about 300 Angstréms (between A 6191 and A 6494). 


TABLE III 

ooee eee Intervals Distances Factors Mean A ayes ie Factors 
6191. 568 6191.568 

39.166 | 45.7586mm]| 0.85593 | 6211.151 0.85593 
6230.734 6230.734 

34.411 40.2802 0.85429 | 6247.940 0.85429 
6265.145 6265.145 

52.883 | 62.0582 0.85215 | 6291.586 0.85220 
6318.028 6318 .031 

17.313 20.3507 0.85048 | 6326.684 0.85024 
6335-341 6335-339 

58.271 68.6640 0.84864 | 6364.476 0.84867 
6393 .612 6303.612 

37.247 44.0138 0.84626 | 6412.236 0.84601 
6430.859 6430.848 

64.134 76.0305 0.84343 | 6462.926 0.84359 
6494 .993 6494 .994 


The measurements were made on spectra of the second order 
taken on plates 43 cm long, inclined to the axis of the spectrograph 
to bring the plate tangent to the focal curve of the spectro- 
graphic lens of 30 feet (9 m) focus. In the sixth column are given 
the adjusted values according to Kayser, and in the seventh column 
the corresponding factors. Our curves were plotted with the 
reduction factors as ordinates on such a scale that 1/16 of an inch 
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(z.6 mm) represented one unit in the fourth place, and in interpo- 
lating we read the factor from the curve to the fifth significant 
figure. The wave-lengths were plotted as abscissae on such a scale 
that one of the above divisions represented one Angstrém. The 
original curves from which Plate XVI was reduced were prepared 
in our draughting-room by Mr. Nichols; the data for the curves 
were given to him and he was requested to locate the points with 
great precision. Curve a, shown on this plate, corresponds to the 
data in the fourth and fifth columns of the table. A smooth curve 
was drawn, and, as is seen, the points fall upon the curve in a most 
satisfactory way. ‘These data are the means of fourteen measure- 
ments and are practically free from accidental errors. Each 
measurement has given a similar curve but not quite so smooth 
as the composite curve. Upon the same plate are plotted the 
points given by using Kayser’s adjusted values for the standards. 
The first three standards agree so that points 1 and 2 coincide. 
Point 3 is very slightly above, point 4 very much below, point 5 
above, point 6 below, and point 7 above the smooth curve. That 
is, the points determined from Kayser’s adjusted values fall in 
such a way that a smooth curve cannot be drawn upon which the 
points all lie. A glance at the curve shows at once how consistent 
with each other are the international standards, and how irregular 
are the adjusted values. The precision of the method is quite 
remarkable; a change of 0.002 Angstrém in an interval distinctly 
displaces the corresponding point. The first interval changed by 
Kayser is the third—sz2.883 Angstréms—and though this long 
interval is lengthened only by 0.003 Angstrém the ordinate of the 
point is increased five units in the fifth place. The fourth interval 
—17.313 Angstréms—is decreased by 0.005 Angstrém which 
displaces the point downward twenty-four units in the fifth place. 
The fifth point is raised by increasing the interval from 58.271 
to 58.273 Angstroms. The sixth point is an important one as it 
involves a line for which Kayser’s adjusted value differs much from 
the international standard. In reference to this he says:* 

This [his] method of measurement has also yielded values for the standards 
themselves, which I regard as somewhat more accurate than the secondary 

t Astrophysical Journal, 32, 217, 1910. 
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international standards, inasmuch as they are adjusted. They are in general 
in good accord and only in a few cases is the difference large, in the case of 
d 6430 reaching the amount of 0.012 Angstrém. It remains to be investi- 
gated whether my value is more accurate than the other. 


Referring to the curve, it will be seen that point 6 involving this 
line is greatly displaced; in fact, the point is lowered by 25 units 
in the fifth place; and point 7, also involving this line, is raised 16 
units in the fifth place. It will be noticed that if the wrong value 
is assigned to one wave-length of a series, the points in which this 
wave-length are involved are displaced one up and one down so that 
in such a case the value at fault can easily be ascertained. Judged 
by the results of this examination of these eight lines, the values 
for the international standards form a consistent series, no one of 
which probably contains an error exceeding o.oor Angstrém. 
’The line A 6430 is an excellent line for measurement, hard and 
sharp on all of our plates. The values by the three independent 
observers employing the interference method agree well, viz.: 


Fabry-Buisson Eversheim Pfund 


6430.859 6430. 862 6430.855 


It is difficult to understand how all of these measurements could 
be sufficiently in error for the wave-length to be such as Kayser gives 
it, namely 6430.848, a value not included within the range of 
the other three. It would tend to destroy faith in the precision of 
the interference method if such errors were found in the case of 
lines so excellent for measurement as A 6430. The method which 
we illustrate of testing the adjustment of standards is capable of 
detecting an error of 0.002 Angstrém in the case of standards 
50 Angstréms apart, and depends only upon the accuracy of the 
measurements of their distances apart on the photographic plate, 
values which can be determined to a very high degree of precision. 
It is essential that a sufficient number of standards be found upon 
one plate, and with high dispersion this condition requires a plate 
of great length. These conditions will be well fulfilled by the new 
75-foot spectrograph on Mount Wilson, in which a plate 4o inches 
(100 cm) long can be used. A series of overlapping plates is neces- 
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sary in order that the lines under investigation may not be too 
near the end of the series under consideration. The curve b on 
Plate XVI is drawn from data similar to that given in Table ITI, 
and is based on 28 measurements of plates covering the region 
» 5975-» 6265, thus overlapping the first region so that points 5 and 
6 of this curve are points 1 and 2 on curve a. The international 
and Kayser’s adjusted values are: 


International. . (5075-354) |6027.059|6065 . 49216137. 701|6191 . 568]6230.734/6265.145 
Kayser. ee eer -354 .062 .489 - 703 - 568 - 734 -145 
Int.— Kayser. . . 000 _ ay + .003] —.002 . 000 . 000 . 000 


As in the other region, the points determined from the inter- 
national values fall on the curve in a very satisfactory way, while 
the four points involving the three adjusted values fall alternately 
above and below. The line A 5975, as before mentioned, is not an 
international standard, but the value assigned to it by Kayser 
appears to fit into the series of international standards. It belongs 
to the same group when classified according to pressure-shift. It 
is, however, a line difficult to measure with accuracy and hence 
not suitable for a standard of the second order. Judged by this 
curve the relative wave-lengths of the international standards 
2 6027-A 6137 are free from errors as great as o.oor Angstrém. 


REGION A 5371-A 5658 


This region is considered by itself because of two difficulties 
that arise. The first is due to the fact that the international 
standards involved belong to two groups when classified accord- 
ing to pressure-shift, and that in these groups the relative wave- 
lengths change a measurable amount with a decrease in pressure of 
one-fifth of an atmosphere, the change between Pasadena and the 
observatory on Mount Wilson. The second difficulty is that some 
adjustments are indicated in the international standards. The 
standards and related data are given in Table IV. 

The first section of the table contains lines of group a (Gale 
and Adams), the flame lines, for which the displacements at 8 
atmospheres were very accurately determined by them. The lines 
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in the second section of the table were provisionally classified by 
them in group d, the lines showing great widening and displacement 
to the red under pressure. The precision of measurement of the 
displacements of these lines at 8 atmospheres is low, as they have 
said. The relative change in wave-length between the two sections 
of the table is 0.003 Angstrém for a pressure-change of one-fifth of 
anatmosphere. After our previous experience in the red region we 
expected to detect this change in wave-length upon the plates taken 
upon Mount Wilson. It ought to manifest itself by the point 


TABLE IV 


STANDARDS OF THE SECOND ORDER 


International Standards Group Pcrati Kayser IL.-K 
5371-495 a 0.029 5371.490 | -+o.005 
5405 .780 a 0.027 5405.778 +0.002 
5434-527 a 0.027 5434-527 ©.000 
5455-014 a 0.029 5455.616 —0.002 
5497 .522 a 0.030 5497.521 +o0.001 
5500.784 a 0.031 5506. 783 +0.001 
MeaniAn cs ics iis Selec os ere srel tas, onnl| opelene erie spenail ote 0.029 
Meant A per atmosphere seaiciastnt ee | eterna ee | ae 0.0036 
5569 .633 sub d 0.14 5569 .630 +0.003 
5586.772 sub d 0.12 5586.774 | —0.002 
5615 .661 sub d 0.13 5615 .667 —0.006 
5658 .836 sub d 0.15 5658.846 —0.010 
Means uie cic as strainer: wanes eae ete ae en Lee 0.14 
Mean A per atmosphere... ... el (Brees se aera (ae 0.017 


determined by 4 5506 and A 5569, the terminal and initial lines of 
the two sets of standards, being slightly displaced upward on the 
dispersion-curve. We show the results in curve c in Plate XVI. 
The data for the curve are the means of 20 measurements and 
should be practically free from accidental errors. The mean of 
the two standards 4 5497 and A 5506 was used in plotting the curve 
in order to weight the intervals between standards more equally. 
In the case of an interval so short as that between these two lines, 
an error of a few ten-thousandths of an Angstrém in their wave- 
length, or a few ten-thousandths of a millimeter in the measured 
distance between the lines, displaces the point very markedly. 
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Point 5 is the one determined from A 5502, which is the mean of 
45497 and 45506, and A 5569. It falls, however, very near the 
curve, while point 6 is distinctly above the curve. This was some- 
what surprising, and at first a little disconcerting. The points 2 
and 3 are plainly displaced, indicating a small error in the wave- 
length of A 5434, the only line concerned with both points. Later 
when the plates taken in the laboratory in Pasadena were reduced 
and the dispersion-curves for this region were plotted it at once 
became evident where the difficulty lay. Curve f, Plate XVI, is 
based upon 20 measurements made on plates taken in Pasadena. 
Points 2 and 3 are displaced as on the curve for the Mount Wilson 


TABLE V 


PROPOSED ADJUSTMENTS 


Movunt Witson 
INTERNATIONAL 


Sainpinns PASADENA 
A B 

5371-495 5371-495 5371-495 5371-495 
5405 . 780 5405. 780 5405. 780 5405. 780 
5434-527 5434-529 5434-529 5434-529 
5455-614 5455-614 5455-614 5455-614 
5497-522 5497-522 5497 .522 5497-522 
5506.784 55060.784 5506. 784 5500. 784 
5569 .633 5569 .034 5569.631 5569 .634. 
5586.772 5586.772 5586. 769 5586.772 
5615.661 5615.661 5615.658 5615 .661 
5658.836 5658.836 5658 .833 5658.836 


plates, confirming the indication of a probable error in 4 5434. It 
also shows displacements of points 5 and 6 from the mean curve, 
thus indicating an error in A 5569. The wave-lengths of the lines 
A 5434 and A 5569, in terms of the other standards, can be obtained 
by interpolation from these curves. The wave-lengths so deter- 
mined differ by 0.002 and o.oo1 Angstrém respectively from the 
international means for these lines. The second, third, and fourth 
columns of Table V are adjusted to these values. 

Curves are given on Plate XVI corresponding to the four columns 
of Table V. Those based upon the first column are the curves 
c and f, showing the relative wave-lengths of the unadjusted stand- 


217 


16 CHARLES E. ST. JOHN AND L. W. WARE 


ards for Mount Wilson and Pasadena, respectively. Curve g is 
based upon the adjusted wave-lengths given in the second column 
as determined from the measurement of the standards on the Pasa- 
dena plates. It now has a smooth run and so also has curve d, 
which corresponds to the third column in which the suggested 
changes have been made on 4 5434 and 45569. The wave-lengths 
of the second group of standards have been corrected for their dis- 
placement of o.003 Angstrém, on account of the decreased atmos- 
pheric pressure on the mountain, relative to the flame lines of the 
first section of the table. This change having been allowed for, 
they ought to form a consistent series; as is seen, the points deter- 
mined from the mountain measurements now fall upon the curve. 
Then curve e was drawn, using the wave-lengths in the fourth 
column, in which the suggested changes in the Pasadena values have 
been made so that they form a consistent series, but no consideration 
is taken of the relative change in wave-length of the two groups of 
standards under the pressure-change of one-fifth of an atmos- 
phere that occurs in passing from the altitude of Pasadena to the 
observatory on Mount Wilson. With these adjustments in the 
low-altitude values, points 2 and 3 fall on the curve, and point 5, 
depending upon the terminal and initial lines of the two groups of 
standards, is displaced slightly upward. It was expected that this 
would be the case when the mountain plates for this region were 
first reduced and the point was found to fall on the curve. It 
appears from the observational data here given that the interna- 
tional values for the wave-lengths of A 5434 and A 5569 are slightly 
in error, and that under the decreased pressure on Mount Wilson 
the wave-length of 4 5569 was shortened so that its actual wave- 
length differed only by 0.002 Angstrém from that given in the 
table of the international standards. At the altitude of Mount 
Wilson it formed a part of a practically consistent series with the 
flame lines, and therefore no great irregularity was shown in the 
curve at the point where the two groups joined. The uncertainty 
regarding point 5 in the first reduction of the mountain plates, using 
the international values, was caused by the long interval—63 
Angstroms—between the terminal and initial lines of the two groups 
of standards, by the partial compensation by the displacement due 
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to decrease of pressure, and especially by the relatively large dis- 
placement of point 6 in the same direction due to the small error 
in A 5569 effective over the short interval—r7 Angstr6ms—between 
it and 45586. The manner in which these results confirm one 
another, however, furnishes strong grounds for believing that they 
correspond to the facts of the case, and illustrates the precision of 
the method. The corrections suggested are within the range 
covered by the international determinations of the individual 
standards, as the comparison shows. 


Fabry and Buisson Eversheim Pfund Suggested Kayser 
5434. 530 -524 -528 - 529 -527 
5569.632 .636 .631 634 -630 


Of the ten standards in this region Kayser suggests adjustments 
in nine. In case successive lines are given algebraically equal 
increments, the interval is not changed, but the intervals preceding 
and following such a series of adjustments are altered and the 
positions of the corresponding points of the dispersion-curve there- 
fore displaced. The points for the dispersion-curve calculated from 
Kayser’s adjusted wave-lengths in the fourth column of Table IV 
are shown on curve kh, Plate XVI. The smooth curve is the same 
as g. Point 2 falls upon the curve. The standards inclosing this 
point differ by equal increments from those upon which curve g 
is based, so that the interval remains unaltered; the preceding and 
following points, however, are displaced; 1 and 3 by 8 and 18 units 
respectively in the fifth place; 4 and 5 in the opposite direction by 
5 units in the fifth place. Especially to be considered are points 6, 
7, and 8, as these depend upon wave-lengths for which Kayser’s 
suggested adjustments are —0.003, +0.002, +0.006, and +0.o010 
Angstrém. The interval to which point 6, greatly displaced, 
corresponds is a short one—17 Angstréms—so that decreasing one 
standard by o.003 Angstrém and increasing the other by 0.002 
Angstrom produced a change in the factor of 32 units in the fifth 
place. The position of point 8 depends upon the relative wave- 
lengths of 45615 and 45658. Professor Kayser suggests an 
increase of 0.006 Angstrém for the first and an increase of 0.010 
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Angstrém for the last. The point is thereby raised by 9 units in the 
fifth place, but if the value for A 5615 had not been increased, point 8 
would have been raised 13 units more; that the suggested changes 
in the preceding wave-lengths were not justified is shown by the 
positions of points 6 and 7. The evidence, therefore, from this part 
of the curve is opposed to these changes in the international stand- 
ards. The adjustments suggested by Professor Kayser indicated 
that large and systematic errors were involved in the determinations 
of the international standards by the interference method, as the 
suggested wave-lengths for these lines are not embraced within the 
values found by the three independent observers. 


Fabry and Buisson Eversheim Pfund Kayser 
5615 .658 .662 .663 .667 
5658.835 .838 -835 .846 


From the evidence furnished by the dispersion-curves it appears 
that none of the international standards in the region A 5371-A 5658 
is affected with a relative error as great as 0.002 Angstrom except 
A 5434, and that for other lines the error probably does not amount 
to o.oor Angstrém except for 4.5569. If any change in the wave- 
length of A 5658 is indicated by the dispersion-curve, it is a small 
decrease rather than a large increase; the only point, however, 
involving this line is the terminal one, and owing to its position 
the amount of the error, in case there is a small one, cannot be 
determined accurately; yet the evidence seems decisive against the 
large positive correction suggested by Professor Kayser. 

The displacements of a few units in the fifth place of the factors 
are well within the limits of error that occur in reading the factors 
from the curves. We have usually checked each other when taking 
the factors from the curves in the interpolations for the standards 
of the third order, and we rarely differ by 2 units in the fifth place. 
The scale is greatly reduced in the reproduction shown on Plate XVI, 
but the larger displacements are easily seen. With the dispersion 
of the plates taken in the second order an error of 0.002 Angstrém 
in the wave-length of the standard, when referred to the neighbor- 
ing standards at a distance of 50 Angstréms, would displace the 
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points involving the line in error by 3 units in the fifth place, alter- 
nately up and down, and by proportionately greater amounts in the 
case of more closely spaced standards. The delicacy of the method 
appeared in adjusting the corrections to A 5434 and A 5569. These 
were found to be slightly in excess of 0.002 and o.oo1 Angstrém 
respectively; in using the values 0.003 and 0.002 Angstrém it was 
seen that the lines were overcorrected, while in the case of the 
values suggested they are slightly undercorrected. 

In obtaining the international standards of the second order, it 
was hoped that the standards would be accurate to o.oor Angstrém 
in the visible spectrum, and it appears from our examination of the 
region A 5371~A 6494 that practically this hope has been realized, 
as we have not found errors to exceed that limit except in the case 
of one line. With secondary standards whose wave-lengths are 
known to such exactness it will be easily possible to reach a like 
precision for good lines in the case of the tertiary standards. 


WAVE-LENGTH DETERMINATION 
REGION A 5371-A 6494 

In arranging the results of our measurements we found that the 
lines showing displacements to the red under pressure fall into the 
groups proposed by Gale and Adams in an important paper on the 
spectra of iron and titanium under pressure." 

Group a.—This involves the well-known flame lines,? i.e., the 
lines relatively strengthened in low-temperature sources, such as 
the flame of the arc, the low-current arc, and the electric furnace.’ 
The lines of this group in the yellow-green show small but definite 
pressure displacements, the mean being 0.0036 Angstrém per 
atmosphere in the arc.4 

Contributions from Mount Wilson Solar Observatory, No. 58; Astrophysical 
Journal, 35, 10, 1912. 

2 De Watteville, Philosophical Transactions, A 204, 139, 1904. 

3 Hale, Adams, and Gale, Contributions from the Mount Wilson Solar Observatory, 
No. 11; Astrophysical Journal, 24, 185, 1906; Adams, Contributions from the Mount 
Wilson Solar Observatory, No. 40; Astrophysical Journal, 30, 86, 1909; King, Con- 
tributions from the Mount Wilson Solar Observatory, No. 53; Astrophysical Journal, 
34, 37, 1911; King, Contributions from the Mount Wilson Solar Observatory, No. 60; 
Astrophysical Journal, 35, 183, 1912. 

4 Gale and Adams, op. cit. 
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Group b.—To this group many lines belong; in fact all lines of 
moderate displacement under pressure are assigned to it for the 
present. These are bright and symmetrically widened under 
pressure, and show a mean pressure displacement of 0.009 Angstrém 
per atmosphere for the lines in the region A 5975~-A 6678 according 
to Gale and Adams. 

Group c.—Group c has no representatives in this region. 

Group d.—This contains lines showing immense displacements 
to the red under pressure. The lines are bright and greatly widened 
to the red under pressure. We have been led to divide group d, 
calling the separate portion sub-group d. The lines are similar 
in behavior under pressure, but show much smaller displacements. 

Group e—To the groups suggested by Gale and Adams we have 
added a group consisting of lines that remain bright and are 
greatly displaced to the violet and unsymmetrically widened to the 
violet under pressure. 


DISCUSSION 


LINES GREATLY DISPLACED TO THE RED 

In Table VI the Pasadena and Mount Wilson values for the 
wave-lengths are given in the second and third columns respec- 
tively. The sixth column contains the differences Pasadena minus 
Mountain; the ninth and tenth columns show the differences 
Kayser minus Pasadena or minus mean, and Rowland minus 
Pasadena or minus mean. In the last column are given the dis- 
placements for 8 atmospheres according to Gale and Adams, in the 
case of lines for which they have given the data. For the other 
lines we give the results from inspection of their plates. When 
the lines are so diffuse under pressure that no measurements of 
value can be made we have said “‘unmeasurable,”’ though the dis- 
placement of the maximum is easy to see. In some cases it has 
not been possible to fix the type by inspection, but the differences 
Pasadena— Mount Wilson, and Rowland— Pasadena have shown 
the group to which the line belongs. 

The mean difference, Pasadena— Mount Wilson, for the lines 
of group d in the yellow-green is 0.0075 Angstrém. This corre- 
sponds to a change in pressure of one-fifth of an atmosphere, or a 
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displacement per atmosphere of 0.0375 Angstrém relative to the 
standards, on the assumption that the differences, Pasadena— 
Mount Wilson, are attributable entirely to pressure displacement. 
The standards are displaced to the red 0.0036 Angstrém per atmos- 
phere. The absolute displacement is therefore 0.041 Angstrém 
per atmosphere, an amount in excess of the values found by Gale 
and Adams for these lines, but they say their measurements were 
little more in some cases than ‘‘an estimate of the maximum within 
the broad band.”” The mean difference, Pasadena— Mount Wilson, 
for the lines of group d in the red is 0.0095 Angstrém; this becomes 
0.048 Angstrém per atmosphere relative to the standards of group 
b, which show displacements to the red of 0.009 Angstrém per 
atmosphere. The absolute displacement to the red is then 0.057 
Angstrém per atmosphere, an amount again in excess of the value 
found by Gale and Adams. On the whole, however, the degree 
of agreement is surprising rather than otherwise. Assuming that 
the displacement varies as the cube of the wave-length, the rela- 
tion found by Gale and Adams for the lines of iron belonging to a 
common group, the agreement between the observed and cal- 
culated values for group d, yellow-green, based upon the value 
o.057 Angstrém for group d, red, is within the limits of error, viz., 
group d (yellow-green), observed 0.041 Angstrém, calculated 
0.038 Angstrém. Neither the small pressure-changes of about 
one-fifth of an atmosphere taken advantage of in this investigation, 
nor the high pressures used by Gale and Adams are well adapted 
to the study of lines of this type, and it is purposed to examine in 
vacuo and under normal pressure the behavior of an extended list of 
lines belonging to groups d and e. 

Sub-Group d.—The mean displacement per atmosphere for the 
lines of this group, found by Gale and Adams, is 0.019 Angstrom 
to the red. Our results are in complete agreement with this, as 
we found that the intervals between the international standards 
of this group and the standards of group a, the flame lines, remained 
constant when the relative displacements for a decrease of pressure 
of one-fifth of an atmosphere were taken into account. As a 
basis, displacements of 0.0036 Angstrém per atmosphere for the 
flame-line standards and of o.org Angstrom per atmosphere for 
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the lines of sub-group d were employed. In other words, when the 
international standards of those two groups formed a consistent 
system in Pasadena they remained consistent on Mount Wilson 
when the displacements of the lines of sub-group d relative to the 
lines of group a were allowed for, but otherwise not. That the 
lines of sub-group d do not belong to group d is again clearly evi- 
denced from the values of the differences, Rowland— Pasadena, 
of which more will be said later. 

Sub-group d, as far as now known, consists of g lines in the 
yellow-green, 4 of which are among the international standards of 
the second order. The other 5 were measured on the Pasadena 
and Mount Wilson plates with a mean difference between the two 
stations of 0.002 Angstrém. If the lines belong to the same group 
as the standards used, in this case those of sub-group d, the two 
measurements should agree. Considering the extremely poor qual- 
ity of the standards and of the measured lines, the agreement 
may be regarded as satisfactory, their displacements under pres- 
sure agreeing within the limits of error with the displacements of the 
standards, a result already found by Gale and Adams. 

In dealing with standards of this quality, the question of their 
availability for such an exacting purpose at once arises. These 
lines are greatly displaced and unsymmetrically widened under 
pressure. If it were a case of displacement only, the lines still 
remaining symmetrical, adjustments could be made for such 
changes of pressure as occur between sea-level and the mountain 
observatories, and the lines would still be usable for standards; 
but they are in practice usually unsymmetrical, the amount of 
dissymmetry depending upon the pressure and the quantity of 
vapor in the source, and, in general, two observers will not agree 
upon individual lines. This has been the case with the authors 
of this paper, but the means derived from the measures made upon a 
large number of lines show a good degree of agreement. To be of 
service in a series of standards in which errors are expected not to 
exceed 0.002 Angstrém, the quality of a line should be such that a 
reasonable number of measurements will give that degree of pre- 
cision. We show in Table IX the results of our individual measures 
of the distances in millimeters between the lines on 10 exposures 
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upon a plate in the third order, covering this region, with a scale 
Imm=o.58 Angstrém. We include two lines of group a for a 
comparison between the measures upon good and poor lines. The 
mean deviations are given in the last line. The abbreviations S. 
and W. refer to St. John and Ware. 


TABLE IX 


QUALITY OF SECONDARY STANDARDS A 5569-5658 


GRovuP a Sus-Group d 
5497-5506 5506-5569 5569-5586 5586-5615 5615-5658 
S. W. Ss. W. Ss. W. S. W. Ss. W. 
LE AOLSs jez O20 1|TOS.425 0 |—e 27 eo 55 lee Lon IEC Ord can ment Amy Sino Ol me o/707 
.917 | .918 -430 | .430 .696 | .698 .178 | .181 .287 | .286 
-916 | .920 -419 | .421 .708 | .708 ele77a eee O EZ Ore 250 
-918 | .923 SAG? 1. 43r .692 | .698 SE |) BuO .289 | .284 
-Q2I | .QI7 -423 | .425 -692 | .695 -178 | .180 oO || aieXone 
-920 | .918 EAST As -699 | .690 -180 | .186 ao%el6) |] teh 
SOL 71 .OL7 PAS Ta eA ZS .682 | .675 .188 | .184 .294 | .298 
-920 | .g16 -424 | .420 .700 | .706 Suzie || s/f .286 | .290 
-920 | .QI7 -439 | .430 .688 | .703 anes | citys .288 | .286 
-9I1g | .920 -440 | .424 .694 | .607 Laas. || Seety/ -299 | .205 
I5.9186| .g186|}108.430 | .427 | 29.697 | .698 | 50.178 | .179 | 75.289 | .289 
©.0014| .00r7 .0049} .0034 .0072] .0070 .0027| .0031 .005I] .0056 


The agreement between our measures for the group a@ interval 
is complete; and if we had been obliged to rely upon one or two 
exposures, the divergence from the general mean would not have 
made a serious error. In the case of intervals involving the lines 
of sub-group d, however, our measures for the same exposures vary 
greatly and capriciously, but the general means are in fair agreement. 
It is evident that very divergent results would be obtained by using 
single exposures, and even a fair degree of accuracy can be had 
only by the use of an inconveniently large number of plates, a 
sufficient quantity of which in many cases would not be available. 

Lines of the character of sub-group d will present different 
appearances upon spectra taken with concave and plane gratings. 
The astigmatism of the concave grating greatly lengthens the lines 
and tends to obscure the dissymmetry by distributing it along the 
length of the line. This would be a source of error, particularly if 
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the ends of the lines were cut off as in the case of a close-lying com- 
parison spectrum. When the image of the middle of the arc is 
held stationary upon the slit of a plane-grating spectrograph, the 
dissymmetry of such a line becomes apparent; but when the 
image plays over the slit as in the case of an unsteady arc, the same 
line upon the spectrum plate may be long and apparently symmetri- 
cal. Since the inherent difficulties of the measurement of such lines 
are great, and the sources of error so many and insidious, we have 
not included these lines among those which we recommend for 
standards. The rejection of these lines from the series of standards 
would enlarge the region near 4 5800 for which the Committee has 
recommended that barium lines be used. In a still higher degree, 
the same reasoning holds in the case of the lines of group d and 
the still greater difficulties of measurement render them in our 
judgment unsuitable for standards of the third order. 


LINES GREATLY DISPLACED TO THE VIOLET UNDER PRESSURE 


Group e.—When the data from the Mount Wilson and Pasadena 
plates were finally assembled, some lines were noticed for which the 
mountain plates gave larger values than the valley plates. The 
quality of these lines is poor, and it was at first thought that the 
errors of measurement were proving greater than was expected; 
but it soon appeared probable that the differences between the 
mountain and the valley wave-lengths were real, and that the lines 
constitute a group the members of which are widened and greatly 
displaced to the violet under pressure, and therefore to the red under 
the lessened pressure at the elevation of Mount Wilson. In con- 
tinuation of the grouping scheme of Gale and Adams, we have 
formed the group e, whose definition has already been given. On 
inspection of the plates of Gale and Adams taken under a pressure 
of 9 atmospheres with a comparison spectrum at atmospheric pres- 
sure, which they kindly placed at our disposal, these lines are seen 
to be enormously widened with the maximum displaced to the 
violet. They appear as though blown to the violet under this 
pressure without a maximum sufficiently pronounced for measure- 
ment, but the direction and character of the displacement can be 
determined with certainty by inspection. 
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These lines occur in the yellow-green and the red. The mean 

of the differences, Pasadena— Mount Wilson, is —o.014 Angstrém. 
On the assumption that the lessened wave-length in Pasadena is 
due to the difference in, atmospheric pressure, the displacement 
relative to the standards is —o.070 Angstrém per atmosphere. 
The mean displacement of the standards per atmosphere is +-0.006 
Angstrém; hence the absolute displacement i is —o.070 Angstrém 
+o.006 Angstrém= —0.064 Angstrom. This would mean an 
enormous displacement for these lines, and there has been as much 
hesitancy in accepting displacements to the violet under pressure 
even to a small amount, as there has been in accepting displace- 
ments to the red of the order of those which the measurements 
given in this paper appear to show. 

Since the lines showing these great displacements are unsym- 
metrically widened under pressure, in the case of group d to the 
red and of group e to the violet, it has been thought by others, 
notably Fabry and Buisson,’ that such displacements were only 
apparent and arose from the difficulties inherent in the compara- 
tive measurement of such lines. Widening and displacement 
under pressure are intimately connected, and it is exceedingly 
difficult to determine whether there is actual displacement of a line, 
when the widths of the line are different under the two conditions 
of pressure. To render our data so far as possible free from such 
errors, and to guard against their entering into the differences, 
Pasadena— Mount Wilson, in such a way as to produce or increase 
these differences we measured the widths of the lines and based the 
comparison only upon plates for which the widths of the lines on 
the mountain plates equaled or slightly exceeded the widths of the 
corresponding lines on the Pasadena plates. The measurements of 
the widths are given in the seventh and eighth columns of Table VI. 

As to the lines showing the enormous displacements to the red, 
the results of this paper are in accord with the measurements of 
Gale and Adams, and no doubt of their reality could remain in the 
mind of anyone who has had opportunity to examine the Gale and 
Adams plates, even if careful measurements had not been made. 
The mean width on the mountain plates of the lines showing dis- 


1 Comptes Rendus, 148, 688, 1240, 1909. 
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placement to the violet under pressure is 0.131 Angstrém and on 
the Pasadena plates, 0.119 Angstrom. The increase of width in 
the case of such lines is unsymmetrical, whether the increase is due 
to increased pressure or to greater density of the radiating vapor, 
and is largely on the violet side of the line. The mean width of the 
lines of this group on the mountain plates exceeds the mean width 
on the Pasadena plates by o.or2 Angstrém, so that in the absence 
of pressure-shift, the wave-lengths should have been less on the 
mountain than in the valley by approximately 0.006 Angstrom. 
As a matter of fact we found them longer by 0.014 Angstrom. 
On the assumption of no pressure displacement to the violet this 
would imply an average error of 0.020 Angstrom in the measure- 
ment of lines whose mean width is 0.120 Angstrém. The mean 
deviations averaged 0.006 Angstrém for the Pasadena plates and 
o.004 Angstrém for the mountain plates, with mean probable errors 
of 0.0017 Angstrém and o.oo1r Angstrém respectively. The 
mountain and valley plates were measured by the same observers, 
reduced by the same methods, the lines referred to the same stand- 
ards, and the plates intermingled in the course of the measurement, 
so that the effects due to systematic error and personal equations 
were eliminated as completely as possible. In view of the above 
considerations, and the degree of precision obtained in the case of 
normal lines, there seems sufficient ground for adopting the direct 
interpretation of the data, viz., that the lines of groups d and e are 
greatly displaced as well as unsymmetrically widened by pressure, 
and to the red and violet respectively. 


RELATION BETWEEN WAVE-LENGTHS IN ARC AND IN ROWLAND’S TABLE 

Reference has been made at various times in this paper to the 
differences, Rowland—Pasadena. The subject deserves a some- 
what fuller discussion. The relation has been of service in the 
present investigation in classifying the lines into groups which 
agree with those formed upon the basis of pressure-shift. In the 
comparison we have used the wave-lengths in Pasadena in the case 
of the lines in groups d, e, and Mn; for the lines of groups a, b, and 
sub d, we have used the means of the mountain and valley plates. 
The differences, Rowland— Kayser, show the same classification, as 
appears from a consideration of Table X. 
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That there is a physical basis for the classification cannot be 
doubted. This is particularly evident in the case of groups d, e, 
and Mn. Itis not so evident from the table in the case of groups a, 
6, and sub d, but it becomes evident when their respective pressure- 
shifts 0.0036 Angstrém, o. cog Angstrém, o. org Angstrém, are 
taken into account. It would be interesting to discuss these results 
somewhat fully from the point of view of some solar problems, but 
such a discussion would lead far afield, and investigations now in 
progress are furnishing so much additional material bearing upon the 
subject that any discussion now would be premature. 


TABLE X 
ROWLAND DIFFERENCES 


a b d Sub d e Mn 
SiandsWorc..ceee es 0.214 0.210 0.191 ORAS 0.239 0.189 
FCA YSERS. suc sites 0.215 0.207 ©.195 0.213 0.233 0.196 


Much has been said about the irregular and apparently capri- 
cious differences that are obtained in comparing the wave-lengths 
of Rowland’s table with wave-lengths in the arc, and efforts have 
been made to determine some factor or operator by which the 
Rowland wave-lengths can be converted into international units. 
It is clear from Table X that the apparently large irregularities 
in the Rowland differences are not inaccuracies, but represent real 
differences. This is clearer still when one considers that the lines 
in groups d, e, and Mm are nearly all sharp lines in the solar spec- 
trum, and hence the accidental errors in Rowland’s table in the 
case of these lines are a minimum. It is equally clear that no one 
factor can be found by which the wave-lengths can be converted 
from one system into the other with satisfactory accuracy, even for 
a limited region of the spectrum. This late justification of Row- 
land’s values for individual lines has of course no bearing upon the 
systematic errors pointed out by Fabry and Perot." In fact the 
curve plotted from the data in Table VII shows the same course as 
theirs. The method proposed by them for passing from one system 
to the other is alone capable of yielding satisfactory results. 


t Astrophysical Journal, 15, 272, 1902. 
235 


34 CHARLES E. ST. JOHN AND L. W. WARE 


LINES RECOMMENDED FOR STANDARDS 


The criterion applied in selecting the lines suitable for use as 
standards of the third order has been the close agreement of the 
wave-lengths as determined from the mountain and from the 
Pasadena plates. The lines yielding the same values from the two 
series of plates either belong to the same group as the standards, 
or undergo practically the same displacement for small changes 
in pressure. The lines examined are separated into three sections, 
namely: A5371-A 5563 referred to the flame-line standards, 
A 5569-A 5658 referred to the standards of sub-group d, and A 5975- 
A 6494 referred to standards belonging to group 6. The second 
section has already been considered and for the reasons given 
omitted from the list of recommended lines. Two groups of lines, 
d and e, occurring in the first and third sections, have also been 
dropped from the list of available lines because of their extreme 
sensitiveness to changes in the pressure and density of the emitting 
vapor, manifesting itself in displacement and great dissymmetry. 
There remain only 25 lines which we are able to recommend as 
tertiary standards. The distribution of these lines in reference to 
the 17 international standards of the second order may be seen in 
Table VII. The results of our examination of 100 lines are as 
follows: 


Te eins Standards of the second order....... L7. 
Standards of the third order ........ 25 

Lines oeroup din er eee eee i 

; Lines of sub-srouped.<.-- Acaeree es 9 
Rejected Lines of group ¢ 4 eee 15 
inesioi manganesemeae emer a 

Questionable 3.88: it eae ae oe oe eee CE ene 14 
100 


We have not been able to measure the many lines of intensity 

2 of Kayser’s list, as they either did not appear on our plates, or were 

too faint for the purpose of measurement. Of the 14 lines in the 

questionable list, a large proportion will probably prove available 

and be extremely useful as faint-line standards when their wave- 

lengths are definitively determined; but our material was so insuffi- 
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cient and the quality of the lines so poor that we do not include them 
in the list of recommended standards on the basis of our measure- 
ments even though the precision is apparently high (mean p.e. 
0.0016 Angstrém for the Pasadena plates, p.e. 0.0011 Angstrém 
for the mountain plates). It would appear from the agreement of 
the mountain and valley measurements that the lines belong to 
the same groups as the standards to which they were referred, 
but in four instances this is not the case. The pair of lines A 5462- 
5463 was found by Adams‘ to be much stronger in the flame than 
in the core of the arc, and therefore would appear to belong to the 
group of flame lines, but under a pressure of 9 atmospheres their 
appearance differs widely from the appearance of the flame lines 
proper. They seem related to the pair A 6102-6103. In the normal 
arc they are all hazy, and under a pressure of 9 atmospheres they 
appear enormously diffused with no indication of displacement. 


THE PRECISION OF THE MEASUREMENTS 


The precision that may be obtained by the use of a plane 
grating is best shown by the agreement between the wave-lengths 
obtained from the two series of plates in the case of lines belonging 
to the same group as the standards used in their measurement. 
In Table VII the measurements of such lines are given. The mean 
of the differences, Pasadena— Mount Wilson, taken without regard 
to sign, is o.coro Angstrém. This seems to us a more satisfac- 
tory measure of the precision obtained than the mean probable 
errors of 0.0007 Angstrém and 0.0006 Angstrém in the case of the 
valley and mountain plates respectively. As these measurements 
are absolute and not differential, the precision may be taken as 
representing the degree of accuracy given by the plane grating in 
interpolating between the international standards of the second 
order in the case of lines of good quality. This is the same order 
of precision obtained by one of us in a previous investigation’ 
when the conclusion was drawn that with homogeneous standards 


«Contributions from the Mount Wilson Solar Observatory, No. 40; Astrophysical 
Journal, 30, 126, 1909. 

2 Contributions from the Mount Wilson Solar Observatory, No. 44; Astrophysical 
Journal, 31, 143, 1910. 
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an accuracy of o.oor Angstrém could be obtained in the case of the 
best lines. 
SOME RELATED CONSIDERATIONS 

In comparing our results with those published by Kayser, 
systematic differences appear, for some of which we can find no 
explanation. In the case of the lines of groups 8, sub d, and the 
three lines of manganese, our values from the Pasadena plates 
are larger than his in the mean by 0.0037 Angstrém; in the case of 
the lines of group e, our values from the Pasadena plates are smaller 
in the mean by 0.0056 Angstrom. As these lines show more or 
less dissymmetry, the first group widening more on the red edge, 
the latter on the violet edge when the pressure or density of the 
emitting vapor is increased, such systematic differences may repre- 
sent the personal equations of the observers in setting upon lines 
of this character, or may depend upon the different appearances 
that the two types of gratings would give to such lines. 

There appear systematic differences between our results and 
those of Kayser in the case of lines belonging to groups a and 8, for 
which our two series of plates show a high degree of agreement. 
These differences persist after allowance has been made for the 
different values of the secondary standards to which the tertiaries 
are referred in the two instances. For the lines referred to the flame- 
line standards of group a, A 5371-A 5463, Kayser—S. and W.= 
++0.0003 Angstrém; for the lines of group b, 4 5975-A 6355, 
Kayser—S. and W.=+0.005 Angstrém; for the two lines, A 6421 
and A 6462, the differences are accounted for by the large difference 
in the wave-length of the standard 4 6430. Thus at the beginning 
and end of the list the values agree, but in the intermediate region 
the difference is larger than it seems possible to assign to accidental 
errors. In a paper published during the preparation of this article 
for the press, Goos' reports similar systematic differences between 
his values and those of Kayser for the blue-green region which he 
has investigated by means of a plane grating, and thinks that these 
deviations are to be explained by the fact that Kayser used a simple 
linear interpolation between each two of the secondary standards 
and then averaged the results. 

t Astrophysical Journal, 35, 229-230, 1912. 
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The result of his previous investigation of the conditions which 
influence the dispersion in the case of the concave grating, and 
which should be taken into account is stated as follows: 


Es ist bedenklich, bei Konkavgitterspektrogrammen, selbst innerhalb 
enger Intervalle, linear ohne Anbringung von Korrektionen zu interpolieren, 
da man nicht im voraus weiss, in welchem Bereich der Platte die Konstanz 
des Maasstabes ausreichend ist.* 


In practice the interpolations in the case of the concave grating 
appear fully as troublesome as in the case of the plane grating, when 
a high degree of precision is required. With the plane-grating 
spectrograph of long focus, the dispersion is apparently more nearly 
linear than it is normal with the concave grating, and between 
linear and normal dispersion there is not much to choose on the 
ground of convenience in interpolation. There seems to be no 
good reason for assuming a priori that the precision is in one case 
higher or lower than in the other. It appears that in either case 
the dispersion for each plate must be considered by itself, and its 
departure from the normal or linear character must be determined 
in order to fix the interval through which the dispersion is normal 
or linear to the required degree. 

The idea that changes in atmospheric pressure, such as occur in 
passing from sea-level to the altitudes of modern observatories, 
may alter the relative wave-lengths of spectrum lines by measur- 
able amounts introduces a new point of view, and suggests other 
conditions that a series of standards should fulfil when the highest 
precision is to be obtained. ‘The red region of the spectrum which 
is especially rich in lines showing great displacements had not been 
systematically studied before Gale and Adams undertook its 
examination. In view now of the large amount of observational 
data accumulated, recognition should be given to the possibility 
and the probability of introducing errors by neglecting the effects 
of relative pressure displacement. Even in the case of some stand- 
ards of the second order the change in relative wave-lengths 
amounts to 0.003 Angstrém on Mount Wilson, and for observa- 
tories of greater elevation it may reach 0.005 Angstrom. For other 


t Zeitschrift fiir wissenschaftliche Photographie, 10, 206, 1911. 
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iron lines the change is o.oro Angstrém on Mount Wilson, and may 
reach o.ors Angstrém at the higher stations. There are a number 
of important observatories at which such changes in wave-length 
would prove disturbing. 


OBSERVATORIES AT HIGH ALTITUDES 


Heidelberg, Germany 570m| Astronomical and Astrophysical Institute. 
K6nigstuhl 

Berne, Switzerland 573 | Observatory of the Cantonal University 

Madrid, Spain 655 | Astronomical and Meteorological Observa- 
tory 

San Luis, Argentina 800 | Southern Observatory of the Carnegie Insti- 
tution 

Mount Hamilton, California 1283 | Lick Observatory 

Denver, Colorado 1650 | Chamberlin Observatory 

Mount Wilson, California 1794 | Solar Observatory of the Carnegie Institution 

Flagstaff, Arizona 2210 | Lowell Observatory 

Tacubaya, Mexico 2280 | National Observatory of Mexico 

Palani Hills, India 2347 | Kodaikanal Observatory 

Arequipa, Peru 2452 | Station of Harvard College Observatory 

Bees Republic of Colom- | 2634 | National Observatory of Republic of Colom- 

ia bia 
Quito, Ecuador 2908 | National Observatory of Ecuador 


GENERAL SUMMARY 


1. The precision obtainable with the plane-grating spectro- 
graph in determining the absolute wave-lengths of standards of the 
third order by interpolation between the international standards 
is o.oor Angstrém in the case of good lines. Two entirely different 
instruments were used and the mean of the differences between 
the wave-lengths in the two series is o.ocoro Angstrém, a quantity 
less than the sum of the probable errors. This represents the per- 
formance of two similar instruments; whether the actual wave- 
lengths were determined with this degree of precision or whether 
there is some obscure systematic error in the methods will appear 
when more determinations are made by other observers with other 
instruments. 

2. The secondary standards between 4 5371 and A 6494, except 
4 5763, were examined in reference to their relative wave-lengths. 
The conclusion is that there are no errors in their relative wave- 
lengths exceeding o.oor Angstrém, except in the case of the line 
A 5434, where it reaches 0.002 Angstrém. 
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3. Of the too lines studied in the region A 5371-A 6494, we 
find 17 thoroughly suitable for secondary standards, and 25 for 
tertiary standards; 44 are discarded because of abnormal pressure 
displacements accompanied with dissymmetry; and 14 are pro- 
visionally classified as of questionable utility. 

4. In comparing the wave-lengths from the two series of plates, 
Mount Wilson and Pasadena, it was found that in the case of 20 lines 
the wave-lengths determined from the valley plates were in the 
mean 0.009 Angstrém longer than the wave-lengths determined 
from the mountain plates when lines of the same width were com- 
pared. All of these lines, that are of sufficient intensity to appear 
upon the Gale and Adams plates at a pressure of 9 atmospheres, 
show strongly unsymmetrical widening and large displacements of 
the maxima to the red. They seem to us inherently unsuitable for 
standards and therefore have been rejected. 

5. It likewise appeared from the comparison of Mount Wilson 
and Pasadena determinations of wave-lengths that 15 lines gave 
values on the valley plates shorter than on the mountain plates by 
o.o14 Angstrém, when the comparison was made between lines of 
equal widths. Upon the plates of Gale and Adams taken at 9 
atmospheres, these lines are very unsymmetrically widened and the 
diffuse maxima displaced to the violet. There seems sufficient 
reason for considering them a distinct group, the components of 
which are really displaced to the violet and unsymmetrically 
widened under pressure. The reasons for rejecting the lines show- 
ing great displacement to the red hold in even greater degree for 
these lines. 

6. From the large differences that appear in the amounts by 
which different lines are displaced under pressure, it would be 
desirable to know the pressure displacements of all lines that are 
finally accepted as standards of the second or third order. The 
secondary standards A 5569-A 5658 are a case in point, the differ- 
ences between the displacements of these lines and the neighboring 
standards being 0.015 Angstrém per atmosphere. The difficulties 
of exact measurement due to their lack of sharpness and to their 
dissymmetry are so great that we are forced to omit them from the 
list of recommended lines. In the selection of barium lines to 
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supplement the iron lines, a preliminary examination of the barium 
lines with regard to displacements under pressure is to be recom- 
mended; and in extending the series of standards to the red, caution 
should be especially exercised in the selection of lines, in view of the 
occurrence in the red of lines showing great pressure displacements 
and the rapid increase of displacement with wave-length. 


Mount WItson SoLtarR OBSERVATORY 
May 1912 
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OBSERVATIONS OF THE SPECTRUM OF 
NOVA GEMINORUM No. 2 


By WALTER S. ADAMS anp ARNOLD KOHLSCHUTTER 


The first observations of the spectrum of Nova Geminorum 
No. 2 were made by us on March 22, nine days after its discovery 
by Enebo, the delay being due to unfavorable weather and a some- 
what late receipt of the announcement of its position. From that 
time until May 27, observations were continued as the weather and 
the time at the disposal of the spectrograph permitted. 

All of the spectrograms were obtained at the 80-foot focus of 
the large reflector with the Cassegrain spectrograph. At first a 
single prism of 63° angle with a camera lens of 102 cm focal length 
was used, but after April 5 this lens was replaced by one of 46 cm 
focal length. With the latter lens and suitable tilt of the photo- 
graphic plate it is possible to obtain good definition throughout 
the entire spectrum from H, to H, with the exception of a limited 
region near Hg. For purposes of close comparison, however, we 
have photographed mainly the region between A 3900 and 2 5000, 
only two plates having been taken of the less refrangible portion. 
A list of the photographs follows: 


Plate No. Date G.M.T. Camera Region 
EYTO7 Ost telereteniece sis! i 1912 March 22 17h 28m Long H-A 5000 
TOSS crete ie faerie oe 23 iyp ai Long H-A 5000 
ROS jae ot peste 24 i530 Long H-A 5000 
LOGO AGIA Terre nrone ses 28 16 24 Long Hp-Ha 
TOOT teisisisotarsve:clorete 30 I6 30 Long H- 5000 
TELOD Oren teu esarets ae April 3 I7 09 Long HX 5000 
EOS nae insterstcverstotenars S 7 23 Short HX 5000 
ELON eon tisk cseceiave 3 6 Ti Air Short HX 5000 
1a oleae oe er rer oie 6 16 39 Short HX 5000 
TWO Aiyetepe eters. sho 22 16) “15 Short H- 5000 
ETAQs vcyetole larcie ole i's 28 16 21 Short HX 5000 
ES Se Wench sh ocr tot tere May 5 16 08 Short H—= 5000 
BECO eh eee seh as 10 16 15 Short H-Ha 
L2OLee re pcan eorek 27 I5 50 Short H- 5000 
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In discussing the results obtained from the reduction of these 
spectra we shall consider the subject under several heads: 

1. General characteristics of the spectrum and changes during 
the observations. 

2. Radial velocity. 
. The hydrogen lines. 
. The helium lines. 
. Nebular lines. 
. Probable identifications. 


Aun Ww 


I. GENERAL CHARACTERISTICS OF THE SPECTRUM AND 
CHANGES DURING THE OBSERVATIONS 


The first spectrum of the Nova, taken on March 22, showed a 
strong continuous spectrum with many dark lines, some sharp and 
narrow and others broad and diffuse. At numerous places faint 
bright bands are present, in most cases accompanied by strong dark 
lines, usually double, on the more refrangible side. Apart from 
hydrogen the more prominent of these bands are due to parhelium. 
The hydrogen lines are represented by strong bright bands from 20 
to 30 Angstréms wide with strong double absorption lines to the 
violet. Each of the bright hydrogen bands has strong maxima of . 
about equal intensity at the two edges and between the two is a 
broad faint absorption band at least partially broken up into numer- 
ous narrow dark lines. The effect is very similar to that observed 
by Campbell and Wright in the hydrogen bands of Nova Perse 
and described by them in their well-known memoir.” 

The most noticeable changes in the spectrum in the days immedi- © 
ately following March 22 were the decrease in intensity of the con- 
tinuous spectrum, the rapid changes and disappearance of the 
absorption lines, the very marked alterations in the hydrogen 
absorption lines, and the rapid changes in the maxima of the bright 
hydrogen bands. On the photographs of March 23 and 24 the 
dark hydrogen lines are still strong and double. On March 28, 
however, they are much weaker and the bright band between them 
appears like a wing on the bright hydrogen lines. The red line 


t Astrophysical Journal, 14, 269, 1901. 
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H, shows the effect most strongly. The next spectrogram, 
obtained on March 30, again shows the strong absorption lines, but 
each is itself double, thus forming a set of four. On succeeding 
spectrograms the more réfrangible component grows fainter and 
finally disappears as does the other after persisting somewhat longer. 

The two chief maxima of intensity at the edges of the bright 
hydrogen bands, after remaining approximately equal from March 
22 to March 30, show a great change after that time. On March 
30 the violet maximum is decidedly broader and somewhat stronger, 
while on the succeeding spectrogram taken on April 3 the red com- 
ponent is much the more prominent. This continues to hold true 
to the end of our series of observations on May 27. Within the 
bands there are numerous changes in the secondary maxima as 
well. 

The main feature of the later photographs of the Nova is the 
gradual change of the spectrum in the direction of the nebular 
spectrum, which is apparently characteristic of all Novae. It is 
marked chiefly by the following changes: 

1. Asteady decrease in the intensity of the continuous spectrum. 

2. A corresponding increase in the intensity of numerous bright 
bands in the spectrum, many of which are characteristic of the 
spectrum of nebulae. The most important of these is the chief 
nebular line, 4 5007, which is first seen with certainty on April 6. 
It increases very rapidly after that time and on the last photographs 
in the latter part of May it is nearly equal to Hg in intensity and one 
of the strongest features of the spectrum. 

The second nebular line, > 4959, was first seen on a spectrogram 
of April 22 and from this time until the end of our series of observa- 
tions it grew rapidly stronger. On April 28 it formed one of a 
nearly equal pair with the helium line » 4922 but after that time it 
was much the stronger of the two. 

Other lines which increased greatly in intensity toward the end 
of the series of observations were the well-known nebular lines 
» 4364 and > 4687. The former is seen as a heavy wing upon the 
red side of H, on photographs taken subsequent to April 22. 
The line > 4687 of the principal series of hydrogen was first 
seen as a faint shading upon the red side of the very bright band 
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A 4614-A 4662. It rapidly grew stronger and on the last photo- 
graph is a well-marked feature of the spectrum. 

The very complex region between » 4600 and A 4700 undergoes 
many changes. On the earliest photographs there is merely a trace 
of some faint bright bands in this region. Between March 24 and 
March 30, however, a strong double bright band develops extend- 
ing from 4628 to » 4670 with the centers of its components at 
» 4643 and » 4662. This band later grows in width and intensity, 
the width reaching a maximum about April 28 when the entire 
band extends from » 4574 to > 4681. Its intensity is about one- 
half that of the brightest part of Hg. After this time the band 
begins to break up into components the brightest of which extends 
from A 4622 to » 4661, its center being at % 4642. On our last 
spectrograms this band has an intensity nearly equal to that of 
He. It evidently coincides with the line observed by Campbell 
in the spectra of nebulae at 464 ““. The changes of intensity 
during the interval March 22 to May 10 are shown by the curves 
of Plate XIX. 

In giving the results of our measures we shall give the values for 
four groups of plates. The first consists of the three spectrograms 
y 1076, ¥ 1083, and ¥ 1087 taken on March 22, 23, and 24. The 
second group consists of y 10g1—y 1105, taken between March 30 
and April 6. The third group includes y 1118 and y 1149, taken 
April 22 and April 28. The fourth group consists of the photo- 
graphs taken after May 5s. 

The less refrangible region from » 5050 to A 6600 is considered 
separately. The wave-lengths given are corrected for radial velocity. 

Owing to the very rapid changes in the spectrum there are some 
cases of apparent contradiction in the results given in a single 
column; for example, the center of a dark line nearly coincides with 
the center of a bright band. These are due to changes on the photo- 
graphs the results of which are grouped, and so are only apparent. 
It is hardly necessary to say that it is impossible in all cases to 
distinguish between true absorption lines and dark spaces, as well 
as between bright bands and portions of the continuous spectrum. 
Thus complex regions such as A 4550-\ 4700 may be analyzed in 
very different ways by different observers. 
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TABLE I 
OBSERVED Wave-LENGTHS FOR DIFFERENT 
LATE GROUPS 
PorTION oF LINE oR BAND = IDENTIFICATION 
y 1076 y 1091 y1r18 y1185 
—y 1087 —y II05 ~y 1149 ~y 1201 
Mioletiedeeibneght bands.c ai). vice ire 3882.7 | 3881.5 
Wentermdarkeband<c cmc einen |Wecce nlm octee: 3884.7 | 3885.2 
Gentempriezhtibands eee) asec salina oeck RPSL GEE [oto H; band 2 3889 
Rediedrebreht ands anon ai cect il) cries 3899.7 | 3900.8 
Miolebiedre  brigh tband sen. 3025604 eaercen| aetiyie. |lmeneraeg K band 
Narrow dark line. .. 22. ..:. 3033-08 eects eee Wee Ca X 3934 
Red edge bright band...... BOARS Giles teats acceler | Sates 
Centeridark band or linema-1)3050.5 |3052.01|" <see. | eee 
Center taint bright band em 2163955525 305404) |e all lei 
Genter dark bandon line.25|3050).0713058-0)||| eer eee ae 
Violet edge bright band.....] 3960.9 | 3962.6 | 3960.8 | 3960.7 | He band \ 3970 
Genter darkilme a. ee sec) Sones BQOO- Onl! Mem rere X 3951-A 3981 
Narrow dark line.......... 3968.7 | 3968.6 | 3969.2 | 3967.8 | Ca 3969 
Center bright band......... 3070270 |8307220810S07 Dacn imeem 
Centendarkslineaerce. sors rere BOYS SA Al ears heal Oren eres 
Center bright maximum....| ...... Avie | Avie | coocse 
Red edge bright band...... 3980.2 | 3981.9 | 3982.0 | 3981.8 
Center dark line..-3.5. 110. < - Seyi || Cee. | Sysw® || sco55c 
Wioletiedgeibright: bands, 25.) eee esr panes oe 3087.1 | 3986.0 
Genterdarkiband?. cee. cals oe AOOF0) | ever cen enters 
Red edge bright band......] ...... 4009.0 | 4006.6 | 4007.6 
Red edge dark band........} ...... 4018.2 | 4018.2 | 4018.8 
Center faint bright band....} ...... AOZSEOm|AO ZAG An teers 
Red edve bright band sey. 5<|| crane caer 4052.3 | 4052.0 
Violet edge bright band.....| ...... 4062.2 | 4061 4061.8 
@enter/dark band:..ec-<6.+)| wince FOAM |) anccnc 4066.3 
Centembright. band: cnne. aa ote cs BOOW ROM tectesiercu| sees Nebular band 
Violet edge bright band..... Kel Oa ty als Socs oe acetone ores d 4069 
Red edge bright band......| ...... BOT SOU | Meets eee | here 
Center dark band.......... ee) |\ Akeyfsst8 || ano o0e 4074.0 
Violet edge stronger bright Probably part 
pAand Serene eet. ee LOTTO’ Gees Sette all Gercaseroce lmeretoce of Hs band 
Maximum in dark band....| ...... 407 S207 | Werte eabl vaste 
Violet edge strong dark line. .| 4080.4 | 4081.1 | ...... | ...... 
Center strong dark line..... deserts || Mest |! Soaans 4084.0 
Redredgeistrong darkeliness|)-4055).0 || Meer sill) cietersssra ||) ates aiery 
Center bright band......... AOS 62 Og | GAO SS 24 lesa ueetocke 
Violet edge dark line....... Prerkatey | lorsizeacy |! Sa crads IP aaeean 
Centeridark lines 2... o> Skarooyais ||ytorstayxe) || shoo o \toncdoe 


Violet edge bright band..... 


.O 
4092.8 | 4089.9 | 4090.2 


Hs band 2) 4102 
d 4081-A 4113 
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TABLE I—Continued 


OBSERVED WAVE-LENGTHS FOR DIFFERENT 
PLATE GROUPS 

Portion OF LINE oR BAND IDENTIFICATION 

y 1076 yy 1091 y 1118 y 1185 

—y 1087 ~—y I105 -y 1149 —y 1201 


Maximum in bright band...| 4096.0 | ...... | ....-. 4094.4 
Violet edge dark band...... Posh Pancmane|| acodne || dawses 
Cemter darks line ayer or tyeill becctereeeee |laetreeesten ae | Genes 4098.6 
Center bright band......... 4102.7 | 4103.7 | 4100.4 | 4102.6 
Center:darkilme seeks a-ha eee ALOT LS" | serene an nae oe 
Center dark band.......... 4104.2 | 4105.4 | 4105.2 | 4102.0 
Violet edge bright maximum] ...... ALOS'05 | secrets leper 
Center bright maximum....] ...... | .....- 4109.4 | 4108.0 
Red edge dark band........ BEOOj2 2) oe tevsbe eon coto reer rere 
Centerdarkiline ssc ccc. tll cient: ALLOTON| ereeaenre 4110.7 
Center bright maximum....] 4111.1 | 4110.1 | 4111.2] ...... 
Red edge bright band...... 4113.1 | 4114.5 | 4114.6 | 4115.1 
Center darkilinew ees see ete 41237. On| satay serene 
Center dark line........... Vb oye enero ero omen dan |homacc 
Violetiedgeitaint brightiband |ierirmi| eee erie | meer 4135-9 
Center dark line........... ATS35O 0] (AUS Aegean eee ee He band ) 4144 
Red edge faint bright band..| ...... ATS On 20 ae errr 4157.8 
Center faint dark band..... AlOO cA ALSonon eA LOOe-4e eee ts 
Genterdark line soa ole eee one eee 4168.0 
Center faint bright band serces|'407 3 te | eerste eer eran | ences He d 4169 
Violet edge faint bright band] ...... ATSORO ae remcrctee 4179.9 
Center brightiband-s=- =.) eases AUSSe0 "Ac O2e sal memes 
Centeridarky band jawcrrse ar |eerien ALODIOL | Pecres ce eer: 
Red edge bright band...... mite vreupiller BOO? Wall. vecroco || nico hs 
Center dark line’... ....... CYP CoN moaaa || eo sao 
Gentemdarkulinetry.c. as eee A200 74ers 4198.8 
Centeriaintibright: band:.44|\ 04200" Ounce eee nee ee | eee (H’ X 4201) 
Centerdarkulincee alee A200 NTS Me eacevaleees 
Center faint dark line...... AZIO.O A 2OOr 2m eerie | een: 
Violet edge dark band......] ...... A QIEO 47/0 | tere 4212.7 
@enterdarkiband’. +. -11-1o.)- 4213.2 | 4214.2 | 4215.6 | 4213.3 
Centersaint bright) bande er||(e4 20 7-0 een eee |e ae | 
Center dark line........... MeO RAN a nbocue \ coos 
Center strong dark line...... 42002 Cale ee Oe ae 4224.6 
Violet edge bright band.....| 4224.0 | 4223.0 | 4225.8 | ...... 
Wioletedeelbrightibandesrarr|| ererscesn | nance tt meena 4231.0 
Center bright band......... A235':2 142300) 42350) 
Centerbrchtibanday.c ec celae eee lee ee eee 4240.6 
Centemdarkjline sents teria eee 423A TR arenes en || eee eet 
Centerdarkilineserearaaeeee A230:.0) || ce cccoe heer raion | Meets 
Red edge bright band...... A240 5; || F4 2447 95| meen | eee 
Center dark line........... 4248.9 | 4247.7 | 4250.0 | 4248.6 
Red edge bright band......| ...... 4252.8 | 4252.6 | 4251.3 
Centenidarkiband rms rer laa 4256.3 | 4255.1 | 4255.7 


a a | 
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NOVA GEMINORUM OF 1912 7 
TABLE I—Continued 
| OBSERVED WAvE-LENGTHS FOR DIFFERENT 
PLATE Groups 
Portion or LINE or BAND IDENTIFICATION 


Violet edge bright band..... 
Center dark lines sor aac 
Center faint bright band.... 
Violet edge faint bright band 
Centeridark line 32. 


Center dark line........... 
Center faint bright band.... 
GCentengdark ne? cco et 
Violet edge bright band..... 
Red edge bright band...... 
Center dark line........... 


Violet edge bright band..... 
Center dark band.. ......-. 
Center bright band......... 
Violet edge bright maximum 
Genterdark lmewn. 6. sso. 
Center bright maximum.... 
Center darkiline 21.5 ese = 
Red edge bright band...... 


Center dark line.........-. 
Red edge bright band...... 
Center'dark line ?-= os .-c22: 
Center strong dark line..... 
Violet edge bright band...-.. 
Center bright band......... 
Red edge bright band...... 
Maximum in dark line...... 
Center dark band.......... 
Violet edge bright band..... 
Narrow bright maximum ... 
Darkilineshererernere cco 
Center bright maximum.... 
Violet edge dark band...... 
Narrow dark line.......... 
Dark line we coe .cnaciaes 
Marksline se soci ae own 
Center bright band......... 
Center broad dark band.... 
Red edge dark band......... 
Darkline sacra ete Aa 
Center bright maximum.... 
Strong narrow maximum.... 
Red edge maximum........ 
Red edge bright band...... 


y f076 y IOgI y 1118 y 1185 
—y 1087 —y 1105 —y 1149 —y 1201 
aseiets. 6 4259.6 | 4258.4 | 4259.3 
ia. ea Racine: 4263.3 | 4263.5 
4271.4 | 4269.7 | 4269.3 | 4269.4 
Sp Bebe Ao 7 Si One sae ntl Wee ere 
BZTOES per aeictecc ath cleeererel | ens cee 
oot 4280.0 | 4280.2 | 4280.0 
QOS eA armen, eos 4282.8 | 4281.8 
Ore astors 4283.7 | eee 4285.6 
#280 2T | Oxlaeac oe erecta ||| eceeeiers 
Zhe ger ball CWhoVieey Il omer Ib o.oo 
see A20 2:2) | eto poe || eevee 
nein: A203..0) eee AL OANA) 
AQORES | | sesetens sce lilt Carcrerekene | eee ee 
Babs He A207.\2> | acest wl eee 
4302.5 | --.--- 4303-4 | 4304.3 
Poveiris AZ OA See ete | ace eres 
4305-5 | 4300.0 | 4305.0 | ...... 
Bin ialaiiena|ie cyanevensnad |mertrerere 4300.6 
AZTO.O) M GASOO NS al cree al ener 
eee MEW) || aocrsoa | aocogs 
PAGS AQUA AO} aceinianger | meer 
PSE ASTOROn| PASTS @ On meets 
ASTM AGEN Luteo || beeceneenn| wectNeaers 
eactisvete 4318.0 | 4317.5 | 4316.2 
4320700 ("A STO moa] mene sont ere 
VEEP ROE damaam || avoodc 
AZ 245 "32370 Nitec ||\eetlenee- 
AS25 On lWAs2 54 ul aapece eu peters 
side eats A220 2) lim cent taey || rcteatcnote 
AZ 25540 A S27 On| wotrerteten || ureters rey. 
4330-8 | 4330.4 | 4328.6 | 4329.4 
4334/2 | ..---- 4334-4 | 4333.8 
AZZ5NO4| ASSA 2 ar eves | Bee eres 
TAT Nl PRLS OY Meta || Gegeoe 
AZ SOLO: [0 cccteccess |i carsvagerssor™|(cuopens tore 
4337-4 | 4337-4 | 4337-4 | 4336.9 
eee AER) |) Bonooe |) eect 
ASAI RASA 3) OM meen: 4343.0 
4342.0 | 4343-7 | 4341.4 | 4342.0 
4343-4 | 4343.3 | .----- 4341.9 
AZAGRON\TAZAS HAM ett fates | acrctsneat 
Zieiheserp || ARGO IeH | ic oicoue Wt pode 
4351.1 | 4350.9 | 4350.1 | 4350-5 
Bae rawinl|Suavetsiene.,|| % scsftene 4351.8 
HEY) || CeCe I anocun |; doouot 
4353-4 | 4354-4 | 4354-4 | 4353.9 


Nebular band 
4265 


(Ti ® 4313.0) 


Hy band » 4341 
0 4316-) 4354 
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8 WALTER S. ADAMS AND ARNOLD KOHLSCHUTTER 


TABLE I—Continued 


OxBsERVED WAVE-LENGTHS FOR DIFFERENT 


Portion oF LINE oR BAND 


y 1076 

—y 1087 
Dark lines ect. sestoctae 4350.3 
Center broad dark band....] ...... 
Center bright wing......... 4361.4 
Red edge bright wing....... 4363-3 
Darkilineya. cease eine coe 4304.8 
Center) bright) bands: asec in cee 
Darksline traverses oieleteratene i rsceyecavens 
Violet edge bright band.....] ...... 
Dark lines scence carl acai aes 
Brightmaximiim sarees leer 


Violet edge bright band.....} 4376.0 


Red edge bright band......} ...... 
Bright maximum.......... 4379.0 
Centeridarks bandits alee ce 
[salads Tey. como goamo|| goones 
Darkiline tease wee 4384.4 
Center bright bands... ....- 4386.0 
Dark line Wee sere 4389.2 
Center faint bright band... .} 4391.3 
Red edge whole bright band] ...... 
Darkiliniewweer vee 4392.6 
Red edge bright band...... 4305.4 
Darkylineseene asec 4397.2 
Darkulines -pereecceee ee 4399.4 
Violet edge bright band.....] 4401.2 
Warkilings acme. sea aen es 4402.5 
Violet edge bright band.....| ...... 
Dark linesm cme saniiscce ach 4406.4 
Maximum in bright band...| ...... 
Darks lines em ecesc ae ae 4415.7 
Center bright band......... 4416.5 
Darks line ie: seers sctsorccretars more 
Darkeline wera ition 4423.5 
IBrightimaximuniarne eee ae eee 
Red edge bright band...... 4428.2 
Darkilinenys crc sassores oes: 4429.0 
Center\dark bandia 4.4 4432.3 
Violet edge bright band..... 4435.4 
Center bright maximum....} ...... 
Center bright band......... 4442.6 
Violet edge dark band......| ...... 
Strong darkylinewassta. seen eee 


Red edge bright band...... 4450.5 


PLATE Groups 


y 1091 
-y 1105 


yr118 
—y 1149 


4380.0 | 4380.9 
ves se | gaSBea 
Sed 4392.2 
suseucieis 4398.9 
aces) 4403.7 
4405 4406.2 
miittays cs 4415.9 
mies? 4417.8 
POURS || Soocne 
AA QAR Tall eeanerae 
4429.8 | 4428.8 
aoe 4430.0 
4432.7 | 4433.2 
4435.8 | 4435.8 
4442.1 | 4443.0 
4448.1 | 4447.0 


coerce 


y 1185 
—y 1201 


4301.6 


IDENTIFICATION 


Nebular band 
» 4364 


He band 2 4388 
X 4376-A 43907 


He band 2X 4438 
» 4436-A 4450 


NOVA GEMINORUM OF 1912 9 
TABLE I—Continued 
OxssERVED WAvE-LENGTHS FOR DIFFERENT 
PLATE GROUPS 
Portion oF LINE oR BAND IDENTIFICATION 


Centerdark bandsesenecs.. 
Maximum in dark band.... 
Violet edge bright band..... 
Very strong dark line....... 
Violet edge bright band..... 
Bright maximum,.......... 
WDarkolineme cute secclaer ey oe 


Dark line..... Seas rea ae 
Center bright maximum.... 
Red edge bright band...... 


Center dark band.......... 
DAE RNG Ser eee cine Sete ye 
Violet edge bright band..... 
Red edge dark band........ 
Wark Hine rey ee eee. cor 
Park HACn eye ei ee hee eee 


Dank line oy sete pen cae 
Warkiline yy.c eee ee ne 
Violet edge stronger bright 

Danco we en ee eee. Seek 
Bip he maxon. eee eee 
11) Fido bhntete ie els meee ee 


Dark line seis 
Center bright band......... 
IBEtdiel s(n io RL Etc 
Dark nese och. tcete tease 


Darlkcline sews tee eee 


Violet edge bright band..... 
Wark Mines. oe -Gurnee et 
Red edge bright band...... 
Darkalineroees serie men 
Center bright band......... 
WE) ick Lite) ere eves capste evel sve fever 
Dark linesessic cee eee 


Y 1076 y I09r y1r18 y 1185 
—y 1087 —y T105 —y 1149 —y 1201 
4452.4 | 4452.2 | 4452.1 | 4451.3 
NS Sage a eet oer 4455.0 | 4455.0 
AASS OV AAS 7ROn\ teen ar eee 
4460.8 | 4460.3 | 4461.0] ...... 
AROBZEON eed 4461.5 | 4462.5 
eRe 4465.0] ...... | 4465.0 
AAOT «OW AAOT 2" ene ses 4467.7 
SS cpeeearal Epistle eee eee 4471.2 
RcPettcte 4473.3 | 4472.6 | 4473.8 
v.V i dhe Rell ea Ott Hecate cial [ieareracre < 
asa AASOLOM| eee EAL OL AO, 
4486.5 | 4485.3 | 4484.6 | 4484.5 
BAS FEO ine cas aie ||| Vororeeieeaeke eos 
448093))| 440505 scene 4487.8 
aes 4492.2 | 4491.0 | 4490.8 
4495-5 | 4493.8] ...... 4494.3 
ALO0234| Sot AOS OU ere cers 
sais ora 4400150) eer werceee 
ASOL A Se | emer eres [Upieresck 4501.6 
ASO5. 251450540) emer | eckanecess 
WMiXoleysie. i) Afoferare) || “Gg aaoc 4500.8 
Aayevais 4508.1 | 4507.0 | 4508.1 
Savers ARTOC2 4 | eaeeweetcon tein ote 
ASETROU| EAST 2..0 scene |i 
AST2°A WAGES 0. | piegierel|| seeks 
ect EGLO woesos |) LEO 
AS5STSAONLAS LEON arr 4517.2 
SEO RS AS52005) |W EAS 2OR5 
Mp Pores bese a oawee || codices 
AS22800 A523 5201 ee eee || Mere er 
aoveute MPa | eaccaa |) SOLO 
4A52OR0"|"A520-Oallea eerie || Marertstets 
EAPO AP | otros ona leciardeo.4 4532.0 
AS S274 PASSA a2 ener ester| ear etecl 
ASZATFTE|( taste | estaoe 4535-2 
anto an AM Al Gadone ||) ooscre 
AS Z7EOMNAS SOS alae 4538.6 
legend || meaeaeee | Bialeraias 4538.4 
INeRerele), eeseeyae) | caooce |) hekose 
AGW Nesatey \oelieVintey |k oagaad | ances 
rad mace ney ices ce: 4546.6 
PGE ey || AAG Gate | aoasas |) ooenod 
BROT HRCeE Erie |) auonos 
Seine ASST RO | Mosiante J] ko or tre 
AR SAO PAS SG Onll| Weer le seretas: 
naahinise: AS O27 RAG OAR 7a lestrettee. 


He band ) 4472 
» 4452-2 4485 


(Fe \ 4466.7) 


(Mg > 4481.4) 


(Tz 4488.5) 


(Fe \ 4494.7) 


(Ti \ 4501.4) 
(Fe ® 4508.5) 


(Fe \ 4525.3) 
(Fe 4528.9) 


Se ee ed 
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TABLE I—Continued 


OBsERVED WAVE-LENGTHS FOR DIFFERENT 
PLATE GROUPS 


Portion oF LINE on BAND 
y 1076 y I0gr y 1118 y1185 
—y 1087 -y 1105 -y 1149 -y 1201 


Narrow dark line.......... PNCp a al Cec WO Ue 4) oooSur 
Maximum/in dark linen. |lie rire ASOO™ 2), |" a cis al ereteea 
Red edge bright band...... 450856) "sya: ace i) setae 4567.0 
Center dark band.......... 4569.1 | 4569.5 | 4570.2 | 4570.5 
Maximum in dark band ....| 4571.9 | 4570.9 | 4573-2 | 4571-4 
Violet edge bright band.....} 4573-3 | 4574-9 | 4573-7 | 4575-2 
Dark line aasacnior meat 4S75 Oe 4575.2 ON | eater con ener 
Center brightiband tance pole ene 457Or4. | ao oom eee 
Dark line oan oeec teem sek 4580;,04| 4550 sme eee 4579.9 
Center bright band......... ASSS5=7 |UA550.O0l ere ererom ite 
Darks linemen ances mee PU AOA Gp | uso) || oncca. 4585.5 
Center bright maximum....| ...... 450459: |e yee eee 
Darkulinesiswres sosctes won ol ectecieer AS00547 2s aacuees lee eee 
Red edge bright band...... MAO OEE ASC) || Gocco | eacmse 
WMarkilineeaes coe cree ee ee leas ASOSHOR| Pace oa eae ae 
lsyatdstenchebebeinlyns aoa opael| Gusmoo |lacqooda I) ccwees 4600.1 
Darkiline sane eee eee oe AGOLKOs||-4600. Online econ era 
Center brightibandiee eee eerie 460103} ee oe eres 
Darkdline sarees cents tess roKecy dt Clowes || Grosse || aacdoo 
Strong.darkslineweem een ee allenic 4005. Ta bree en lato 
Red edge bright band...... 4006):39) ae eee | ee eter men ereetene ae 
Darkiline wn eve tec ee Aljoyjae) |p Helov/ety Il Gonkou|: aoacee 
Center dark band.......... PUnteyey Wt gente’) Vac cacé lo oabece 
Center bright band....:-...|:.-.-- AOI AG ol Sets cre dl teenies 
Violet edge bright band..... Mopiesalonl HOGS || Acncoo || cococe 
Darkline soos ware can eve | merece AOL 7 7a eee 4616.4 
Violet edge bright band.....} ...... AO2TR On| tenes 4618.4 
Centembrightiband ences. leet A022,,0) |" Neeee en ae aae 
DMarksline Waavee apace Move en | MOTE seat || sacnee 
Violet edge stronger bright 

and eae thee rec rete MOBS AIG || poser e 
Darkihine narra seasiterie et rer 4624.3 | 4625.7 | 4626.6 | 4626.0 
Bright maximum.......... TA SY-Y fey hl ees Sr ein | Sem es naallP Fae 
Center bright band......... Ca EW ALO uPIN! conoca |) aooe ie 
Center dark band.......... URES NP TML EGY a5 socio ll cocooe 
Genteridarkslinewansyee a eelmeeee AOZ OSI lary set ioe| eee aoks 
Bright maximum.......... ORNs dass 4030747 |e 
Gentenbrightband eee meee MP | Sohooe 4640.8 
Center dark band: ......... 4043).0. | eeaeteree fh | ee etme | ene 
Center bright maximum....| ...... AGA3° 4 "4646.01 |e ene 
Darkiline sa ees eee or POR OMG AS Is socan | osenas 
Red edge bright band...... A040 0/5 2 PR ral aerial 
Dark line Wea eee nies leer AOSTOn| Pheer 4650.7 
Center prichtiband peers mere AOS4. 378] Rend eee 
Centerdarkibands-_ eee 4035 (0.4) eMke ov eee 4657.0 
Wiolet edge brightihand nr |4650)c 0) |e trl lnet ea | ec 


IDENTIFICATION 


(Ti 4572.2) 


(Nebular 459 uu) 


(Nebular) 4610) 


Nebular 464 up 


NOVA GEMINORUM OF 1912 Il 
TABLE I—Continued 
OBSERVED WAVE-LENGTHS FOR DIFFERENT 
PLATE GRouPS 
PortTIOoN oF LINE or BAND Z IDENTIFICATION 
y 1076 y Toot y 1118 y 1185 

—y 1087 —y 1105 —y 1149 ~y 1201 
Center bright maximum....| ...... AOOTO Iie eca | etree: (Nebular’ 4663) 
Red edge bright band......| ...... AGOA SO ere eens 4662.4 
Darkdling eee coerce aiel os oe es 260729) acne 4667.0 
Center bright band......... BOO TRAD calege pokey | eorerersce ede eeeres 
Center bright band......... AOP 26S | Cereal eee [OR ye 
Darkline cere rer vite xiii: AO7ALO4| AGT Re 2 al Me wreecoi || eaeae rate 
Miolet edge bight band 2.0 2.|een rn ere ee 4674.2 
Red edge bright band...... 40750344 075-0 terete | eee 
Center brightsmaximumicasni cans fee | meet ee tienen is 4678.4 
Park Hne ce ics wepctge Cass 4075. 40e40700201| meme 4079.7 
Center bright maximum....| ...... AGS253" || iers eel eee Nebular \ 46387 
Red edge bright band...... 4683.4 | 4682.4 | 4680.8 | ...... 4674-4700 
Dark line masmum....<.-5)|) sa. 4080208 | eerie 4685.8 
Centembrghtbandicm cca vecata ne taverns ieee 4687.1 
Violet edge bright band.....| ...... AOSOTOu| eee 4685.8 
Genter, bright, maximums si) carisem || Pees Ile sees 4694.8 
WDarkslinG yeas tases sek 4694.0 | 4693.0 | 4690.7 | 4692.6 
Bright maximums. coe. cel ble oe AGQO28 Were ss. ||) vee 
Rededgeibright. bande. -5| es olga al eee 4700.3 
Red edge bright band......] ...... ATOOrA | 470540) eee 
Center bright maximum....} 4709.9 | 4709.1 | 4707.5 | ...... 
Darkiline. -ocmeeeaet see etl teaios A720 53 NOrn ae eye eee eee 
Red edge faint bright band..} ...... 4720.6 | 4725.1 | 4723.8 
Genter famt bright band:. ...14735:5 seeks: eer cents: 
Violet edge dark band......} ...... AZAL =O. pa aeaial eenines 
Maximum in dark band... .} 4751.6 | 4752.1 | 4753.1 | 4751.6 
Red edge dark band........] ...... B75 022.|| eo. aes 
Dark lineserserceucty oe sce UAH Pe YIN || nogoaa || woowos 
Darkshne spats olen eee PRP | Uo) NN nodonu i) poucac 
Red edge dark band........] ...... AV OS = 23g rec dl Wesues aate 
Violet edge faint bright band] ...... ] ...... 4772.7 | 4771.9 
Darkiine > ack eeceie inet ATSIC A | eee ene eee 4782.2 
MP PCM INE Neve tone iste Aen iaasteie ||| oeeoe ie” ligactecnnee |) Reohevere 4789.6 
Center faint bright band....} ...... 4792.6 | 4793.8 | -....- 
Dark line yeaa cee hae te ke eo 4704-47| 2704200 ase 
Gentertamntobright band ers .anciven! eaten | acter 4804.1 
Violet edge dark band......} ...... 4818.2 | 4817.6 | 4816.3 
Darks ln@sc cyte cneoeonione & ZS2A NC AS2S alanis cs 4826.0 
Centeridark- band Sin eet eae a MN ePFAKe || 555 500 4830.5 
Strongidarkdlineseeeere cr aeelmeern ia AS c2 A ose scisy | mcstore sees Hg band » 4862 
Violet edge strong dark band] 4835.8 | ...... | ....-. | ------ d 4833-A 4877 
Darktline eer meee ttcscl eee ASS Gas a lpecse terete Nyse. 
Center narrow bright band. .} 4837.2 | 4836.3 | ....-. | «+--+. 
Center strong dark line..... Tees || C@ereG) || acooan |h aooste 
Violet edge bright band.....} ...... MSZ 7e Or | Mee etek neta ele fos 
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TABLE I—Continued 


OssERVED WaAvE-LENGTHS FOR DIFFERENT 


PLaTE GROUPS 


PortTIoNn OF LINE oR BAND 


y 1076 
—y 1087 
Dark lines ane aielapercmtastehn || wares 
Center bright band sraerene mere 
Red edge dark band........ 4841.4 
Darkilines ii): eaten sseeys «|| ree 
Center) brightilines cnerce 4843.6 
Red edge bright band......| 4845.9 
Center strong dark line..... 4847.6 
Violet edge bright band.....| 4849.9 
Narrow bright maximum...| ...... 
Bright maxim qe eye 4854.1 
Narrowadarks litte marred: |e errr 
Brightuma xan ser.nse-ar es | ernie 
Dar Esine sae ceisem che ctesree ei |e oman 
Violet edge dark band...... 4856.9 
@enterdark linea ani. 4858. 


r 
Center whole bright band...| 4863.0 
7 


Center dark band.......... 4863. 
Maximum in dark band.....| ...... 
Maximum in dark band....| ...... 


Red edge dark band........ 4870.7 
Bright maximum.......... 4871.6 
Center strong bright maxi- 

MUM Renee aay wereekorer a 4872.9 
Red edge bright band...... 4875.9 
Center bright wines... eee eeree 
Darkilmedenc ceca eee 4885.1 
Red edge bright wing.......] ...... 
Warkaline: esa. ee 4889.9 
Center strong dark line.....| ...... 
Warkiline testcase 4900.5 
Center bright band.........| 4905.4 
@enteridarki band... 2. +. 4909.9 
Maximum in dark band..,.| 4911.2 
Violet edge bright band.....| 4912.1 
Violet edge stronger bright 

band Meee ee aea sae ets 4913-4 
Darksline aie Piwawatsy acs altace 
Center bright maximum....] .,.... 
Darkaline soca ce. 4920.7 
@enteridarkiband:) ns.) 4925.9 
Center bright band......... 4925.8 
Center stronger bright band.| ...... 
Red edge bright band...... 4938.1 
Center strong dark line.....} ...... 
Violet edge bright band.....| ...... 
Genter brichtiband-seseewe eee oe 
Red edge bright band......| ...... 


y 1091 
—y 1105 


4841.1 
4841.7 
4841.5 
4842.3 
4842.9 
4845.8 
4847.6 


y 1118 


-y 1149 


Piste ge 6 


ween 


eee. 


sane 


sce ee 


IDENTIFICATION 


Part of Hg band 


He band 2 4922 
X 490I-A 4938 


Nebular 4959 
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TABLE I—Continued 
OxBsERVED WAVE-LENGTHS FOR DIFFERENT 
PLATE GROUPS 
PORTION OF LINE OR BAND IDENTIFICATION 


71076 y Toor 
—y 1087 —y Ilos 


DELOHATGALKALINe ec ryeral eye eerie lier pees 
Violet edge faint bright band} 4980.3 | .... 
Wentertamt darkiband. eal are: 
Strong/darkilines cers as lee nes 


Violet edge bright band.....] ...... 4990 
Center, bright bandsaw. ccm tin 4992. 
Violet edge stronger bright 

band eety. Foc eiare. ace || eatin 4993. 
Center strong dark line..... AOA Wl cone 
Center bright maximum....| ...... 4990. 
Red edge bright band...... 5001.9 | 5003. 
Dark line es cea a es 5004.5 | 5003 
Dark Hi 6et seine oe eee 5007 
Violet edge bright band.....] 5006.9 | soto. 
Genter bright band’ ease. ol a..knn 5007. 
Center stronger part of 

bright band@epn ot --2ae2 5012.5 | 5011 
Darkilme wea cat ene 5014.3 | 505. 
Red edge bright band......| ...... 5020. 
Center bright band......... 5019.3 | 5020. 
Darkiline seer ae ceaier ea € 5023.0 | 5024 
Center bright maximum....| ...... 5027. 
Red edge bright band...... 5032.1 | 5032. 
Violet edge bright band.....} ...:.. | .... 
Centerfaint bright band... 4) =..«=. |) ..-- 
Red edge bright band......| ...:.. | .... 


mn 


y 1118 y 1185 
-y 1149 ~y 1201 


SS Al Hoar 5 He band 2 5016 


OBSERVED WAVE-LENGTHS 


PorTION OF LINE OR BAND aa 


y 1089 
Violet edge faint bright band...... 5160.4 
Center: bright band. 77.5... .0-.--- SL72 5 
Red edge bright band............ 5183.5 
Center very faint bright band..... 5239.0 
Center faint bright band.......... 5279.0 
Violet edge bright band........... 5308.3 
Centerbright band 2c crete at 5319.4 
Red edge bright band............ 63325 
Center faint bright band.......... 5379.1 
Violet edge bright band........... 5566.9 
IDEM SI NNn.5 on ccdosdoenveccos0ne 5577.2 


255 


y 1188 


eee 


eee eee 


. ® 4995-) 5032 


.I | Nebular \ 5007 


6 
.7 | He band 2X 5048 
xi  5041-A 5060 


IDENTIFICATION 


Mg 6 group 


Se ee ee eee 
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TABLE I—Continued 


Portion oF LINE OR BAND 


Center, brightiband). veer». -s eclel= 


Red edge 


bright band’) seer 


Violet edge bright band........... 
Violet edge bright band........... 
Center bright maximum.......... 
Center bright band...0.2 04. ..0..- 


Red edge 
Red edge 


brightibandseseere er 
brichtibandenaeneeern er 


Violet edge bright band........... 
Center faint dark band........... 
Center bright band............... 
Brightunaxtimuniererere rat 


Red edge 


brightibandace namaste 


Violet edge bright band........... 
Violet edge bright band........... 
Maximum in bright band......... 
Centerbright band2en cre te 


Dark line 


ec er 


Center stronger part of band...... 


Red edge 


brichtibandaeee oie 


Violet edge faint bright band...... 
Center faint bright band.......... 


Red edge 


brightibandsy-e1s eee 


Center faint bright band.......... 


Center faint bright band.......... 


Violet edge bright band........... 
Center bright band............... 


Red edge 


brightiband=-: . nonce 


Violet edge bright band........... 
Centeribrightiband era. een ee 


Red edge 


bright band@nwrree err 


Violet edge bright band........... 
Center bright band............... 
Center bright maximum.......... 
Center bright band............... 


Dark line 


eC ee ee iy 


OxssERVED WAVE-LENGTHS 


eee eee 


eeeeee 


y 1188 


oreo 


eee eee 


see eee 


seer ee 


eee eee 
eee eee 


eee ene 


ee ewee 


IDENTIFICATION 


Nebular A 5752 
® 5743-% 5770 


He band \ 5876 
» 5847- 5909 


D, Na X 5890 
D, Na X 5806 


Nebular \ 6301 
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TABLE I—Continued 


OBSERVED WAVE-LENGTHS 


Portion OF LINE or BAND IDENTIFICATION 
4 y 1089 y 1188 

Violet edge bright band........... C5207 0 meters 
Genter bright band 22 soe cee OS30cO) wee Wing on H, band 
Redveage bright banduaeesser OSA 370. ence 
WAarksHne wee Ree Coen er EE OS45 000) ls Etaciee 
Violet edge bright band .......... 6548.3 6545.4 
Maximum in bright band......... OSES 73 mel eer Ha band 2 6563 
Genter/bright: bandt420-.. 4.e. so: 6567.0 6569.4 d 6545-A 6585 
Centeridark band? <2. snes onsets O507/22 mn mere ete 
Maximum in bright band......... O57 S508 al Meee ee 
Red edge bright band............ OS S52 ey Meee eee 
Genter bright wings. sccncs toss. (EG ON cesses 
Redvedge brightipands jae | eee 6595.2 
Red edge bright wing............. GG0085. ne ene Part of Ha band 
Brghtimaximums-s eens ee eel ee 6672 
Centerifamtibright-bandiea.e,.. 2k ene 6677 He » 6678 


2. RADIAL VELOCITY 


The principal lines available for the determination of the radial 
velocity of the Nova are the narrow absorption lines H and K of 
calcium, certain faint lines, for the most part due to iron, which 
appear on some of the plates, and the narrow lines D, and D,, which 
are present upon one of the photographs taken in the less refrangible 
region. Owing to the strong absorption of the glass of the prism 
employed, the spectrograms are rather weak in the H and K region 
and the results obtained from these lines are not very accordant. 
The following is a summary of the values from the various lines: 


Plate Lines Velocity Reduction | Radial Velocity 


to Sun 

km km km 

WELO7 Oley. etaise siorardios H +40.2 2053 +10.9 
TOSB yen: jets ails, sro) atehaveters eK +47.0 —20.4 +17.3 
TOOT tees ot miei cus ee Eigse =1-33)5 —20.3 + 3.8 
TIOA ie cers srerentsiane H +35.0 — 20.4 + 5.6 
LET Oisteyase sietess wisps ator H Stee Ony —27.5 -- 1.0 
TOSO tee eke weit evokes D;, Dz +47.4 —29.5 +17.9 
TOVOM sy evachee eas cist 4222, 4528 =+-47-3 —20.3 +18.0 
TOS nce eee ee 4222, 4236, 4528] +39.6 —29.4 +10.2 
TOS sree ca ata ie acs Ponies 4222,4250, 4494, 35.2 29.3 + 5.9 

4501, 4528 
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Although the range shown by these observations is rather large, 
in view of the character of the lines we do not consider any certain 
variation of velocity as established. The mean of the results as 


given in the table is 
+10 km 


and the mean of the final results of the six plates is 
+10 km. 


Determinations of the radial velocity by other observers are 
as follows: 


Curtiss cram + 9km 
Plaskettyc.: ces +12 km with a probable variation of 15 km 
Kiistner: . 201 + 7.0km 


3. THE HYDROGEN LINES 


The bright hydrogen bands are characterized by definite edges 
upon the red side which can be measured with a very fair degree 
of accuracy. On the violet side the dark absorption lines upon the 


CENTERS OF BRIGHT HYDROGEN BANDS 


Plate H, H; Hy Hg Hy 
ALOT Onsen 3071.0 4103.2 4342.4 ASOZR0" I” Sheers 
LOSZ eis a 3970.1 4102.5 4343.3 AS62589" <1; “Giese 
TOS inne 3070.7 4102.3 4342.2 ASO2EO ulin eee 
TOSOas sical Ss wosmeviron oti] La eee eRe moeience 4862.9 6566.8 
TOOW gis cits SOY Bols 4102.7 4342.2 480350" 4]. Sees 
I102 3972.5 4102.3 4342.8 4860325 il) styrene 
TLOZ ee ce rere cil eerste 4103.0 4343-1 4803.0" 9 o| Ganeeae 
1104 3072.7 4104.7 4343.1 ASOT 30a: Ul Meio 
TLOS eee (ie slenenetete 4105.8 4343-9 AS04507 os |r ere 
LETS. pests 3072.0 4103.0 4342.2 48025 7m Wik Peete 
ELAQ nti: 2070),008 Maes cee 4340.9 480265 0 | ase 
2G Rat Meh Blac 3971.2 4103.2 4341.3 4502-1 as ee 
TLSSr ere le ton etsuoners 4101.9 4341.9 450350) lak maneriers 
LZOVH Lonstoe Siivaby wereces 4103.4 4342.4 450303" al Mestre 
Meaniianut 3971.5 4103.2 4342.4 4863.3 6566.8 
ys ie eee +1.3 +1.3 Tistey +1.8 ie 


earlier photographs form the boundary which seems to persist as 

the absorption lines grow fainter. These two limits, accordingly, 

represent the principal part of the emission band, while a broad 

fainter band extends toward the violet. The strong band is the 
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portion upon which our measures of width and displacement have 
been made. In the accompanying tables we have collected the 
results of our measures upon both the dark and the bright hydrogen 
lines. od 

An examination of the measures of the bright hydrogen bands 
shows that as in the case of Nova Persei the centers are displaced 
toward the red. On our photographs we have measured the centers 
directly, as well as the violet and the red edges of these bands. 
Accordingly, two independent determinations are available. Col- 
lecting all of the results we obtain the table on p. 16. 

The displacements from the normal positions of the lines are 
given opposite A in the last row of the table. It is a peculiar fact 
that these values are better satisfied by a law in which the dis- 
placement is directly proportional to the square of the wave-length 
than they are by one in which it is proportional to the first power 
such as is found for the dark hydrogen lines and the widths of the 
bright hydrogen bands. The difference is due almost entirely to 
H.. for which but one determination is available. A least-squares 
solution gives the following residuals in the two cases: 


x w 
US PRR SPC RAN CeA SPO Cee CR —0.2 0.0 
U 3 IB Pal aah Se tse ty MS catt Becsntem —0.2 —o.I 
| Coe see Oat eee ars +o0.2 +o.2 
IE ins ayatcts, shay tyietas eho Soe as 0.0 —o.1 
12 Fey? Sener, Sti AN hry Se ere +1.3 +o.2 


The dark hydrogen lines could be measured satisfactorily upon 
but a few of the earlier spectrograms. ‘The results follow: 


DARK HYDROGEN LINES 


i, H; Hy Hp He 
Plate ie 

I II I II I II I Ir I 
Y LO7OR seca p are dootsl| ses thhs.a\|'s aotevere 4090. 2/4082. 2/4328.3/4319.5|4847 .6/4837.0}...... 
TOO true ctetete ser. 3959 .0|3950.5|4090.6]4082. 4/4328 . 4/4320. 2/4847 .5|4837.5]....-- 
TOS Tease teeters 3958.9|3950.5|4090. 8/4082 .8/4328.5|4320.4|4847.7|4839.0]...-.- 
Metlohin cago aqdouullatet. ol 600 o0|lonacrdlocte 4 Solem. Pai) aiteo Mattos AGAS. Olea) tes 6545.2 
Mean. faieieae. 3959 .0|3050.5|4090. 514082. 5/4328. 4/4320.0/4847. 7|4837.8)6545.2 
PN eer cah oxsuedescratehe rs —11.2/—19.7/—11.4|—19.4|—12.2/—20.6/—13 .8|—23.7/—17.8 
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If we take the values of the displacements of the dark lines, 
given as A in the table, and determine their variation with wave- 
length we find the relationship obtained by Campbell and Wright 
for the dark hydrogen lines in Nova Persei, and by Plaskett in the 
case of the present Nova—that is, the displacement is directly 
proportional to the first power of the wave-length. The residuals 
from a least-squares solution assuming the values of equal weight 
are as follows: 


Component I | Component II 
O-C O-C 


1s PER AR AG SORE RCo er +o.2 +0.5 
TA Seis on rors staan cieiahaetns en nee 0.0 —0.4 
U7 Ee ENRICH Ce ME cr ROLE +o.1 —0.4 
be (Ee OAD ISS 3 +0.4 +0.3 
| 3 PeReenbic toca Patric Boucher: =O:4' i) Sowa 


These residuals are within the limits of error of the measure- 
ments. 

We have already referred to the fact that on plate y 1091 taken 
March 30 each component of the hydrogen lines is itself double, 
although in the case of H; and Hg we have been unable to measure 
the separate portions of the less refrangible component. The 
values for this plate are as follows: 


H; Hy He 


Y I0g91..../4088.9|4078.6 


4082. 2/4326.2 


4328. 5/4315 .9 


4319 .8|4846 . 5/4833. 2|4837.9 


Separation 3.6 2.3 BRO Ay 


The values of the separation of the two lines forming component 
II appear to be closely proportional to the wave-length. It is a 
noteworthy fact that the position of the 6 line of component II in 
each case occupies the same position as the center of the whole 
component upon the plates y 1076-7 1089. In other words, the 
doubling of the lines upon ¥ 1091 is due to a new component formed 
about 4 Angstréms to the violet of the original lines. The change, 
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accordingly, can hardly be ascribed to anything in the nature of a 
variation of pressure or to a possible magnetic field, but must rather 
be due to the action of an additional mass of absorbing gas, and it 
is probably allied to sonie of the phenomena of multiple reversal 
in laboratory spectra. 

The widths of the bright hydrogen bands are, of course, influ- 
enced by the density of the spectrograms, and similarly the relative 
widths are affected by the curve of sensitiveness of the photographic 
plates employed. A comparison of the widths of the lines for the 
whole series of photographs is of considerable interest, however. 
In the accompanying table the values are given in Angstrém units. 
Owing to a defect in the photograph at the position of the H, 
line on ¥ 1188, its value is omitted. 


WIDTHS OF BRIGHT HYDROGEN BANDS 


Plate A, H5 Hy Hg Hy 
Py TOVO su ere cars 18.7 20.8 22.5 26.1 Be 
EOG3 sey ee oct 19.3 20.8 saree 26.9 sr ajere 
TOS7 so cnveros 20.2 19.9 22.4 25 o4/ Soha 
FOSQ Ss 25:55 5 aC anon 26.3 38.38 
TOOT. ic iacsa% 2) 23.0 22.0 Mylo seine 
1102. ee 24.5 25.6 29.0 
LOZ. rear. 24.1 24.0 28.5 
TPIOA Sie sic 17.4 2051 Xe) 28.5 
TTOS Stereo D7n2 22a5 2522 
TELS screener 20.5 22.0 25.8 29.6 
TEAQ ies 22.1 Pipes DG 31.9 
DIS Ge. eer te3 21.0 25.6 25.4 Bou 
EES nie tole 25.0 24.6 30.1 
T2015 ccs B2cm 22.8 24.8 
Mean 20.2 228 23.8 28.2 38.8 


An investigation of these values shows that, like the displace- 
ments of the hydrogen absorption lines, they vary in direct propor- 
tion to the wave-length. The residuals given by a least-squares 
solution assigning weights according to the number of measures 
are as follows: 


O-C 
DD gee tre ts oteal Te —1.8 
1d en Beg a7 —=O25 
erie ok erate case —0.3 
ED Be en hee ee +1.2 
See re es es +2.4 
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A similar relationship has been found by Professor Plaskett for 
the widths of the bright hydrogen bands. 


4. THE HELIUM LINES 


The helium and parhelium lines which can be identified with 
reasonable certainty in the Nova spectrum are given in the follow- 
ing list. The absorption lines accompanying the bright bands are 
also included, the more doubtful identifications being placed in 


parentheses. 
CENTERS OF HELIUM LINES 


ABSORPTION LINES 


’ Hé Bricut BAND 
I II 
ATAZ.O2 va ee ee ena, ee 4146.4 (4133-4) (4123.6) 
ALO MUS crantene ers kine ite. enero AL7Z EL. SO, Up Deere ee crete 
TM boro¥yh oles Bic AONE MEAS Ane 4387-54), (Ae) ce een | Cnn 
AST Ou en hte palate stances Rede ens 4438.4 (4429.5) (4418 .6) 
PAGE AOS 6 on Sooo si ester enae 4473-2 4460.6 (4452.2) 
AOD LO Mes inane chialchcter carer snes 4925.9 4Q11.1 4900.6 
SOLS Beatie a amie teletaeta ochre 5019.5 5004.2 4994.7 
SOAT OZ slerds oclaclots acne deine 504837) |e VRS ee aa) aera 
Crete sy Aas cient GCI Diario e 58780 9 ke Se teksharscye ee niy Beant ertts 
(LOA yee ciao Coe arene oe tie 0077) Colte Patek cae eee: Geers 


In addition to these lines 4713.25 is probably present, at 
least upon the later photographs, but blended with a portion of the 
great band which extends from’ A 4600 to beyond % 4700. The 
average displacement of the bright bands toward the red is 2.1 
Angstroms, or about the same as that of the hydrogen lines, but 
the measurements are much less accurate except in the case of 
» 4926 and A 5020, the bands being fainter and probably compli- 
cated with other bands in some cases. It seems probable that the 
displacements of both dark and bright lines are proportional to the 
wave-length. 

Campbell and Wright in their discussion of the spectrum of 
Nova Perset have called attention to the interesting fact that on 
the earlier spectrograms of the star the parhelium lines are the ones 
observed, while in the later observations these have become very 
faint or have disappeared and the helium lines have become promi- 
nent. ‘They refer to the observations of Runge and Paschen which 
indicate that with increase of pressure in the radiating gas the 
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helium lines become stronger relatively to the parhelium lines. Of 
the lines listed in the table above as observed in Nova Geminorum, 
4471, 4713, and 5875 belong to the helium series and the 
remainder to parhelium.* The line \ 4471 was probably present 
upon the earliest photographs, but very faint. It was first meas- 
ured by us on a spectrogram taken on April 6, and continuously 
throughout the series after that time. The line \ 4713 we have 
already referred to as probably being present upon the later photo- 
graphs merged in another bright band. The D, line, » 5876, is 
present on the spectrogram of March 28, but is considerably 
stronger upon the photograph of May to. The parhelium lines, 
with the possible exception of 5048 and A 6678, were much stronger 
upon the earlier photographs, although most of them could still 
be seen throughout the whole series. The line at » 5016 was last 
measured on March 30. The two parhelium lines, »% 5048 and 
6678, however, appear to be present only upon the later photo- 
graphs, the former being first measured on the spectrogram of May 
5, and the latter on May 10. In general the relative behavior of 
helium and parhelium lines seems to resemble their behavior in 
Nova Persei, but not to be identical with it. 


5. NEBULAR LINES 


The bands which are almost certainly identical with lines 
observed in the spectra of nebulae are indicated in Table I. In 
addition to hydrogen and helium they are as follows: 


Nova 
NEBULAE 
Limits cae 
4OO2—AOTA netioisteaa sie ters 4068 4069 
A2Q5O—ALSO eter tieeste 4270 4265 
ws tebcseteialonss eeiciesrreiaes a 4365 4363 
ole oh cea aus taker ere states 4579 4574 
sada teeacce Spaeionb ee py ets Tete 4599 459 
Pare Reet: nace RAD. CNPC 4612 461 
espe tare sitb eat Wap ararserte eae ts 4041 464 
AOTA-A7OO wea sets iets 4687 4686 
4954-4974..-----+-- 4960 4959 
AQO3—5022 ey eeterrocee 5007 5007 
5743-5770++ +e seers 5757 5752 
6288-0370 aaiacrtg er ale 6303 6301 


ee 
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The line 4686 is the first line in the principal series of hydrogen. 
The three lines of the second subordinate series may perhaps be 
present in the Nova spectrum; they are known to be present in the 
spectra of Wolf-Rayet stars, and their wave-lengths as determined 
by us in the star B.D.+30° 3639 are added for comparison. 


H Nove B.D.+30° 3639 
BO2O So slender Band 4018-4052 4028 
BOL erecore tis ores Center faint band 4201 4201 
QSAR Nace bee Violet edge bright band 4540 4542 


The spectrum of the Nova in its later stages and the spectra 
of Wolf-Rayet stars have numerous features in common. The 
greatest point of difference is, of course, the absence, or at least the 
comparative faintness, of some of the principal nebular lines in the 
Wolf-Rayet spectrum. Apart from this feature there is probably 
fully as much difference between spectra of individual stars of the 
Wolf-Rayet type as there is between the Nova and certain of these 
stars. For purposes of comparison the spectrum of the Wolf- 
Rayet star B.D.+37° 3821 is reproduced with the Nova spectra in 
Plate XVII. The most striking feature of the spectrum of this star 
is the great intensity of » 4686 and the prominence of the three lines 
already referred to which belong to the second subordinate series of 
hydrogen, > 4026, % 4201, and A 4542. 

A comparison of the widths of the bright hydrogen bands in the 
spectrum of B.D.+37° 3821 and of the Nova gives the following 
results: 


Nova B.D.+37° 3821 
Ls ce ate ce stale eG \ 4092-4114 4081-4117 
oped tate tke Coie tens 4330-4354 4325-4354 
TD Be Pislanieete< oroterd cote 4849-4876 4843-4877 


Within the limits of error of measurement the red edges of the 
bands have the same position. The violet edges in the case of the 
Nova are affected by the presence of absorption which is absent in 
the case of the Wolf-Rayet stars. The violet edges, accordingly, 
differ by roughly the same amount in the two cases. It is clear, 
therefore, that in a type of spectrum which we are accustomed to 
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PLATE XVII 


We Se: Hy He 

| | 5 | - | 

March 22, 174 28m 
March 23, 17) 21m 
March 24, 152 36™ 
March 31, 182 6” 
April 3, 172 o™ 
April 6, 15% 51™ 
April 22, 164 15™ 


May 3, 165 24™ 


May 5,165 8m 


& 
ij 
H 
4 
3 


May Io, 165 15™ 


August 19, 08 to™ 


BiD.=537 3821 


z-11 Specrra or Nova Geminorum No. 2 
z2  Sprcrrum or Worr-Ravet Star B.D.+37° 3821 
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consider as relatively permanent, emission bands of the same order 
of width are present as in the spectra of Novae. On the other hand, 
the hydrogen lines in the spectrum of the Wolf-Rayet star B.D.+30° 
3639 are very narrow while other bands in the spectrum are as much 
as 20 Angstréms wide. This seems to us an objection to the 
hypothesis of Kayser that such bands may be due to the Doppler 
effect in gases under the bombardment of Kanalstrahlen. 

In 1907 Hartmann made an important investigation of the spec- 
trum of Nova Persei nearly six years after its discovery? and found 
its spectrum to resemble very closely that of the Wolf-Rayet star 
B.D.+35° 4001. Nova Persei at that time was of about the eleventh 
magnitude. 


6. PROBABLE IDENTIFICATIONS 


The sodium lines D, and D, appear as narrow absorption lines 
in a bright band whose red edge falls at % 5910. On the violet 
side this band blends with the bright D, band of helium. 

A faint bright band extending from A 5160 to A 5184 is probably 
due to the 6 group of magnesium. A maximum at A 4480 in the 
bright helium band A 4463-A 4485 is probably due to magnesium 
r 4481. 

The H and K lines of calcium like the sodium lines are narrow 
absorption lines in broad bright bands. The bright band due to 
the K line extends from 3925 to > 3949, while the H band is lost 
in that of the H. line. The K band is not seen after March 30. 
It seems very doubtful to us whether » 4227 of calcium is repre- 
sented in the Nova spectrum. This region is extremely complex 
and the bright band falling nearest the position of the line extends 
from A 4224 to \ 4246 with a center at about A 4235 on the earlier 
plates. On later photographs it seems to have even a longer wave- 
length, due probably to an extension of the band toward the red. 
The two absorption lines > 4223.1 and A 4213.9 probably belong 
to this band, and the wave-lengths of all three make it improbable 
that this can be due to calcium » 4227. 

A number of faint absorption lines present on the earliest 
plates may perhaps be identified with calcium. A number of 


t Astronomische Nachrichten, 177, 113, 1908. 
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these are given by Professor Kiistner. Our own values are as 
follows: 


Nova Sun (Rowland) 
NAQS2ET «19 cuegecne ote 4283.17 
A302 Sols oe nese any al 4302.69 
AZO7s Soci ie tn pre eetere 4307.91 
B45Q Ov silos ne alters ea 4454.95 
ASSOC Kise aienene 4581.58 
ABST Ons. jaiaggises easter 4586.05 
LOSS: Ore sisiee einai tee 4685.45 


In view of the large number of dark lines present in the Nova 
spectrum these identifications seem to us of rather doubtful value. 

A considerable number of the absorption lines may be identified 
with lines of iron, and several others with lines of titanium, par- 
ticularly with enhanced lines of this element. The possible identi- 
fications are indicated in Table I. 

In his discussion of the spectrum of Nova Lacertae* Mr. Wright 
has instituted an interesting comparison between the bright stellar 
bands and the lines of the spark spectrum of nitrogen. Other 
observers have noted a similarity between the spectra of Wolf- 
Rayet stars and the spectra of oxygen and nitrogen. If we compare 
the lines of nitrogen given by Wright with our measures of the bright 
bands of Nova Geminorum we obtain the list in Table II. 

There is practically a continuous band in the Nova spectrum 
between » 4600 and A 4700, and the values given are the centers of 
subordinate bands or of maxima. The fainter lines of the nitrogen 
spectrum show about the same degree of agreement with the stellar 
bands. In view of the evidence we are inclined to consider the 
presence of nitrogen in Nova Geminorum as probable, although we 
would agree with Mr. Wright in considering it as hardly proven. 

The announcement by Professor Kiistner and Dr. Giebeler of 
the discovery of dark lines in the Nova spectrum due to radium and 
the radium emanation arrived while we were engaged in preparing 
our results for publication. Owing to the fact that our series of 
observations did not begin until March 22, or several days after the 
first observations at Bonn, the results are not fully comparable, 
especially in view of the very rapid changes in the spectrum at 

t Lick Observatory Bulletin, No. 194, 1911. 
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this time. As bearing on the question of the presence of radium 
absorption lines after March 22, however, the results may be of 
interest. 


4a 
TABLE II 
Nit 
Exner and Hschek and Intensity Bright Ban ds 
QOS senate sg sinyeysuarsteyn face att 50 Band 3986-4008 
AOSGRR ee ceceweis cle sc 3 Band 4018-4050 
AOZE cena meant 4 Center 4035 
AOA Deri tee eect ioe 5 
= IIe SOTO : Conflict with Hs 
BURGOS saeco es ree ae 4 Center band 4146 (He?) 
ALUGR oe Sa oc 3 Center band 4173 (He?) 
IC 0 REEF Ps PO OCR EE OE 2 
AQ™O ees we ee ee 3 Band 4224-4246 
ile retest Ce CRT PR 5 Center 4237 
R202 facies Fe cales ave: 5 
ASABE raters. celeste 2 Conflict with Hy 
FAT te SSE Cee eee 2 Maximum 4425 
AAR arircte ah retelss caste e tein evs,¢ 2 Band 4435-4450 
OT EO EPO ee 20 Center 4442 
AROS issn) this Saas ess 2 
BSUS irs cerincai ets Seyler I Band 4508-4534 
AR ZO Gre eles iets «stat 2 
AGOT ae a ete cree cchein ec 5 Maximum 4600 
ASOT RN crenstete Solver) 6 or ttoxs 4 Center band 4605 
INO T lye A IB AOE OS 3 
AO22 Sec aiscns te eo fapsor 4 Center band 4622 
AGS aesiois reer ewes 15 Center band 4632 
BOMB terse rot 5 Center band 4641 
TLOY (ee SPT ROO TOGA 5 Center band 4649 
OOS erate ctas a aial corel stores be) Band 4991-5032 
BOOY Seis e err siainie a be) He 5016 and on later plate Nz 5007 
ie) See Hibs ROC ODOC a Conflict with He 5048 
PIS fSio,00 DG 9 OOD OO 6 
eon opaunooSsoctoTe 6 
SOG 7p tecteiial ee icte\o te 9 Band 5667-5694 
GOSOM erie ete oie ies cates 12 Center 5681 
FY A ictroiots aD OOO CORO 6 Red edge band 5711 
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In the region of spectrum considered by Giebeler there are 12 
lines in the spark spectrum of radium for which he has found corre- 
sponding lines in the Nova. Of these we have been able to measure 
seven upon our photographs. Two of these, however, fall within 
the H, band and their agreement with radium lines is entitled to 
little significance on account of the presence of a great number of 
narrow dark lines, so many, in fact, that accidental coincidence 
would be almost certain. On two of the remaining five lines, 
» 4153 and A 4532, our measures show very close agreement with 
those of Giebeler and indicate discrepancies of over an Angstrém 
unit from the radium lines. 

In the region of wave-lengths longer than » 4533 we find 
possible coincidences with » 4600, » 4642, > 4693, and » 4826. 
The first of these seems to be double in the Nova spectrum, and the 
discrepancy both for it and for \ 4826 is large. The extremely 
bright radium line » 4683 does not appear to be represented in the 
Nova. 

The degree of correspondence in the case of the emanation 
spectrum is about the same as for the radium spark, about 50 
per cent of the lines having possible coincidences in the Nova spec- 
trum. ‘There are dark lines near the positions of the very intense 
lines > 4167, % 4350, % 4609, and 4626, but none near A 3982, 
X 4203, and 4681. In general there seems to be very little 
agreement between the relative intensities of the emanation and the 
radium spark lines and the dark lines in the Nova, and the same fact 
seems to be true of Giebeler’s results. Thus the four strongest 
radium lines (omitting 4341, which falls on the H, band) in the 
part of the spectrum investigated, » 4178, 4305, 4436, and 
» 4533, have been measured by him upon but one photograph, while 
several of the fainter lines have been measured more frequently. 

In view of these results we do not consider the presence of the 
radium or the emanation spectrum in the Nova as established, at 
least for the period covered by our observations. 

We have not been able to detect with any certainty evidence of 
a periodic variation in the structure of the bright hydrogen lines 
such as was suspected by Wolf, but the dates of the observations 

t Astronomische Nachrichten, 191, 167, 1912. 
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March 28, 162 24™ 


May Io, 164 15™ 


Sept. 4, 23 40™ 


SPpecTRA OF Nova Geminorum No. 2 
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INTENSITY CURVES OF SPECTRA OF Nova Geminorum No. 2 


1. March 28, 162 24™ 
2. May to, 165 15m 
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INTENSITY CURVES OF SPECTRA OF Nova Geminorum No. 2 


March 22, 175 28™ 


March 23, 175 21™ 


March 24, 15" 36™ 


March 30, 168 30™ 


March 31, 182 6™ 


April 2, 165 41™ 


April>3; 172 .9m 


April 6, 155 51™ 


April 22, 165 15™ 


April 28, 16 21 


May 5, 162 8m 


May to, 168 r5™ 
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were not particularly favorable for such an investigation. It is 
perhaps worthy of note that there appears to be some evidence of 
a progressive change in the wave-lengths of the bright hydrogen 
bands during the period 6f rapid decrease in the light of the star, 
March 25-April 6. As the brightness grew less and the star more 
red in color the bands appeared to shift somewhat toward the red. 
It is possible that there may be a shift in the maximum of the indi- 
vidual bands with decrease of temperature similar to that found in 
@ continuous spectrum. 

The complex structure of the hydrogen bands led us to make an 
attempt to detect possible polarization in the spectrum of the star. 
Two spectrograms were obtained on April 7, using a Nicol prism and 
a quarter-wave plate in front of the slit. No displacement of the 
bright maxima was found when the quarter-wave plate was rotated. 
The dark hydrogen lines had become very faint at this stage of the 
development of the spectrum and are not visible on the photographs. 


Since the above was written we have succeeded in obtaining two 
spectrograms of the Nova in the eastern sky. The first of these, 
Y 1472, was secured on August 19 and includes the portion of the 
spectrum between » 4000 and’ 5000. The second, y 1591, obtained 
on September 4, includes the entire spectrum from » 4000 to H,. 
On account of the low altitude of the star and the impossibility of 
giving a very long exposure because of the approach of daylight the 
second spectrogram was somewhat underexposed. Enlargements 
of the spectra are shown in Plates XVII and XVIII. The star ap- 
peared to be not far from the ninth magnitude at the time of these 
observations. 

A comparison of these spectrograms with those obtained in 
the latter part of May indicates a further development of the 
spectrum of the star toward the nebular stage. The chief nebular 
line, % 5007, is now considerably more intense than Hg, and 
similarly the nebular line at % 4365 is stronger than H,. The 
second nebular line, 4959, and the line at 45757 have also 
increased greatly in intensity. On the other hand, the band at 
» 4641 has become fainter and the principal series line of hydrogen 
at 4687 can hardly be distinguished at all. The helium lines 
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» 4472 and A 5876 are of about the same intensity as on the earlier 
photographs. 

In the accompanying table are given the results of our measures 
of some of the more important bands and lines on these spectro- 
grams, together with the results obtained from the photographs 
taken in the latter part of May. 


1472 Width ¥y 1185 Width 
-y 1591 Angstréms —y 1201 ngstréms 
|. FREAD OOo en ROOT a One 3970.1 TSs3) VN) Voss ats 
) 2 ES ONDER ORISA TIC POOL 4102.5 22.9 4102.6 24.9 
Nebular...... des nioneh ovsiavayecers 4269.6 19.2 4269.4 20.7 
Hand nebulara-.-. 3.7.7 4351.1 45.6 (4353-3) (47.7) 
4442.5 15.8 4443.0 14.0 
Helium: scnceounissraene cee 4473-3 20.3 4473.8 22.0 
Nebularycnd: scchtrs sre 4639.5 38.9 4640.8 ny 
SG OROO AOE aS Aono DIG ec 4862.6 9h 4863.0 29.9 
INebulars econ citar ts 4960.1 25.8 4960.1 27.8 
Nebulateyso5.c0.cs eee 5007.9 28.5 5007.1 25.4 
INGbilarssptec sis cuits 5680.4 Pee: 5680.2 OG) ao) 
INebularet. a acdc taser 5757-4 26.3 5755-9 27.4 
elimi. cen oe secon: 5878.2 sone 5878.1 26.5 
a Mec ctn a otey siguatstcrexstyskace a 6566.5 35.8 6569.4 39.8 


It is clear from this comparison that no very marked changes 
either in the wave-lengths or the widths of the bright bands have 
taken place in the interval of three months between the two series 
of observations. The widths of the bands are somewhat less on the 
later photographs, except in the case of one or two lines; but the 
difference is probably due in main to the fact that the density of 
the later negatives is less than that of the earlier series. In this 
respect, as has previously been stated, the bands resemble similar 
bright bands found in the spectra of Wolf-Rayet stars, and are 
widely different from the narrow sharp lines characteristic of the 
spectra of gaseous nebulae. 

There appears to be a slight tendency toward a reversion to their 
normal wave-lengths of the centers of the bright bands, but the 
effect is too slight to be recognized with certainty. The marked 
change in the wave-length of H., and in a less degree of » 5757, 
is due in all probability to the uncertainties of measurement in 
this part of the spectrum. A general displacement toward longer 
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wave-lengths of the centers of the bands is still a characteristic of 
the spectrum, as it was in the earlier observations. 

An important feature of the bright bands is the persistence of 
the faint broad absorptién bands crossing them, which have been 
observed throughout the entire series of photographs. They appear 
to be symmetrically placed on the bright bands and are present on 
the nebular bands as well as on those of hydrogen and helium. In 
some cases they seem to be broken up into narrow lines such as 
were found upon some of the earliest photographs. The nature 
of the absorption is such as is characteristic of a thin layer of 
absorbing gas of considerable density. 

We are indebted to Miss Lasby and Miss Ensign for many of 
the measures upon the spectrograms, and to Miss Burwell for the 
intensity-curves drawn from the original negatives. The enlarge- 
ments of the spectra are due to Mr. Ellerman. 


Mount WItson SOLAR OBSERVATORY 
September 23, 1912 
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THE INTEGRATED SPECTRUM OF THE MILKY WAY 
By E. A. FATH 


In Harvard Annais, 56, No. 1, is given a study of the distribu- 
tion of the spectra of over 32,000 stars. Among other results 
are found: (1) That over 52 per cent of the stars investigated have 
A-type spectra; (2) The ratio of A-type stars to all other types 
increases as the brightness decreases; (3) In the Milky Way two- 
thirds of the stars investigated are of the A-type. 

In view of these observations we might seem justified in draw- 
ing the following conclusions: (1) The integrated spectrum of our 
stellar system would be approximately of the A-type; (2) The 
integrated spectrum of the Milky Way as seen from our point of 
view would be of the A-type. 

For some years the writer had planned to make a study of the 
integrated spectrum of some of the brighter regions of the Milky 
Way in order to test the validity of the second conclusion. An 
opportunity presented itself trom March to June of last year, when 
Director Campbell of the Lick Observatory very kindly loaned the 
spectrograph which the writer had used for work on the Zodiacal 
Light. This instrument is described in Lick Observatory Bulletin, 
No. 165. 

The region selected for the first trial was the very bright 
portion of the Milky Way partially bounded by the stars , 5, and 
» Sagittarii, which is the brightest region of the galaxy seen at 
this latitude. 

The method of observation was the simplest possible. The 
spectrograph alone was used, as the angular diameter of the surface 
investigated was greater than the angular aperture of the collimator 
lens. The instrument was mounted in such a way as to permit 
motion in azimuth and altitude. It was then pointed at the region 
in question and moved every to or 15 minutes to follow the diurnal 
motion. 
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The first exposure was begun on the night of March 30 and 
continued, whenever possible, until May 4. The total exposure on 
this first plate was 30820". As the spectrum obtained was not 
quite as strong as desired a second plate was taken in the interval 
from May 27 to June 29. The second exposure totaled 65"13™. 
It was of satisfactory intensity. 

The general appearance of this spectrum is like that of the sun 
in that it shows the F, G, H, and K lines and three broad absorption 
bands to the violet of K. On closer examination, however, certain 
differences can be noted. There appears to be a bright line at 
416 ## and faint additional absorption lines at 411, 421, and 448 my. 
The bright line is just halfway between the first two absorption 
lines. This raises the question as to whether it may not be merely 
a portion of the general continuous spectrum which appears 
especially strong by contrast. The line appears on both plates, 
while the three faint absorption lines appear only on the stronger 
of the two. The origin of these additional lines is uncertain. 
There is neither a bright auroral nor a bright nebular line in the 
neighborhood of the bright line observed. The absorption line at 
411 MM may possibly be H;; those at 421 and 448 eH cannot be 
even approximately identified. These wave-lengths are probably 
uncertain by 1 #v although for two entirely distinct sets of measures 
made over a week apart the greatest difference is 0.5 uw“. This 
uncertainty is due in a large measure to the very small scale of the 
spectrum, for the distance on the plate between » 5000 and » 3900 
isonly 2mm. The line at Gis very broad and it is not impossible 
that H, may help in its formation. 

It might be thought that the three stars, y, 6, and » Sagittarii, 
which are south and east of the star cloud under consideration and 
are of the K-type, have an injurious effect, but that this is not the 
case is shown by measures of the brightness of this region with a 
photometer of the type used by Yntema and described in Groningen 
Publications, No. 22. A provisional reduction of these measures 
gives the brightness of a square degree of the Milky Way in this 
very bright region equal approximately to 0.4 the light of a standard 
first magnitude star. The total intensity of the light of the three 
stars is equal to half that of a star of the first magnitude. The 
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PLATE XX 


INTEGRATED SPECTRUM OF THE MILKY Way 


a Spectrum of the Milky Way in Sagittarius. May and June 1911. Total 
exposure 654 13™. Slit, o.8 mm. 
b Spectrum of sky. Slit, o.1 mm. 
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angular aperture of the collimator lens may be taken as 3°. Accord- 
ingly the area of sky affecting the plate at any time was about 
seven square degrees. Then, assuming the most unfavorable con- 
dition possible, namely, concentrating the light from the three 
stars into one at the center of the region, this would amount to 
less than one-fifth of the total light falling on the plate at any time. 
As a matter of fact, these stars could send no light whatever to the 
plate unless the spectrograph was not moved at sufficiently short 
intervals of time. This occurred a few times, as it was necessary 
to carry on this exposure at the same time the writer was observing 
with the 60-inch reflector, and time could not always be taken to 
make the required changes. Had the exposure been made, either 
by having the spectrograph moved by a driving-clock or by con- 
tinuous motion of the alt-azimuth mounting by the observer, the 
light of the three stars would never have reached the plate. 

This result was of sufficient interest to continue the work, the 
same spectrograph again being loaned by the Lick Observatory. 
The next plate was exposed a total of 67"52™ during May and 
June 1912, on the bright region at a=18'42™, 5=—8°. This 
time the spectrograph was attached to the coelostat of the Snow 
telescope, a new set of gears providing the required speed of rota- 
tion. The plate is very much like the previous one, except that it 
is not quite so dense and the absorption line at 421 my is absent. 

A third exposure was made during July and August 1912, on 
the region between 8 and 7 Cygni. This exposure amounted to 
74511™. The spectrograph was again attached to the coelostat of 
the Snow telescope. 

The intensity of the last plate is about the same as that of the 
stronger plate of the Sagittarius region and the spectrum is similar 
in its general appearance, but the absorption line at 411 “pm is 
relatively stronger and the possible bright line at 416 m+ is relatively 
weaker. 

The four plates taken of three bright portions of the Milky Way 
are therefore in agreement in indicating that the integrated spectrum 
of the Milky Way is approximately of solar type. 

This result receives an independent check from a series of plates 
taken to test the possible selective absorption, or loss, of light in 
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space. On the strength of the Harvard result that the greater 
portion of the Milky Way stars are of the A-type, and assuming 
that this result could be extended to the fainter stars, it appeared 
possible to test the hypothesis that the more distant, and therefore 
fainter, stars are redder than the nearer brighter ones. 

The regions selected for trial were centered at 

18530™-++- 10° 18530™-+ 5° 

18 40 +10 18 40 +5 

tS son -f-10 
and were photographed with the 60-inch reflector on red-sensitive 
plates. 

On each plate two exposures of a region were made, one through 
a red and the other through a blue ray filter, the plate being moved 
a little in declination to separate the images of the two exposures. 
In addition one-half of the plate was kept covered by the slide of the 
plate-holder except during 30° at the close of each 6™ of the exposure. 
Thus on the covered or ‘“‘screened”’ half of the plate only the 
brighter stars are found. Accordingly it is possible to compare 
faint stars from the uncovered portion of the plate with bright stars 
from the screened portion. 

The theory of the method which was suggested by Professor 
Kapteyn is as follows: Let us consider two stars, one from each 
half of the plate, at the same distance from the optical axis so that 
there will be no differential aberration effect, and with the red 
images approximately equal. Though these images are of the 
same size, that for the screened portion of the plate will be of a star 
approximately two magnitudes brighter, and hence, on the average, 
a less distant star, than that whose image lies within the unscreened 
portion. 


Screened Unscreened 


On the assumption that there is a greater absorption and 
scattering of blue than of red light in interstellar space, the screened 
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blue image 6 will be larger than the blue image d. Since all of the 
images compared are approximately of the same size the result 
will be free from photographic effects that might otherwise enter. 

Let us put 4 
a—c=m (1) 


b—d=n (2) 


On the basis of our assumption the value 7—m will be positive, 
that is 
b—d>a—c 
Subtracting (1) from (2) 


(b—d) —(a—c) =n—m=redness=r 


r=(b—a)+(c—d) 


If r is positive the more distant stars are redder than those nearer 
athand. Should, prove to be negative then the more distant stars 
are bluer. 

The plates taken were measured in the following manner. A 
circle of 38 mm radius was drawn with its center at the center of 
the plate. No stars outside the circle were used on account of the 
large aberration beyond this limit. A star pair from the screened 
portion was then compared with any pair in the unscreened region 
that was approximately at the same distance from the center, the 
red images being as nearly as possible of the same size. 

It will be unnecessary to go farther into the details of this 
matter. The result of the comparison of 76 pairs of stars on the 
five plates showed that, in the mean, the fainter stars are distinctly 
redder than the brighter ones. Had we been certain that the stars 
were all of approximately the same spectral type we should have 
strong evidence that the light from the fainter stars lost more of 
its blue than of its red component in traversing interstellar space, 
as compared with the brighter stars. The spectrograms, however, 
offer another explanation, namely, the ratio of A-type stars to 
other types decreases as the stars become fainter, and, from a 
certain undetermined magnitude on, the stars of approximately 
solar type predominate, so that the fainter stars, which give us the 
most of the Milky Way light, are in reality redder than the brighter 
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ones. These two investigations are therefore in agreement, 
although the original purpose of the second is not served. 

It is unfortunate that the regions selected for the second inves- 
tigation were not identical with those of which spectrograms were 
obtained, but the former plates were taken first. It was not 
advisable to try a spectrographic exposure on these regions as they 
are too faint, the exposure required being probably in the neighbor- 
hood of 200 hours. The first spectrogram was obtained at about 
the same time as the other series of plates. The results of the 
latter were therefore not published in the form originally intended. 

The Harvard investigation probably contains very few, if any, 
stars fainter than the 8th magnitude. Both the investigations 
discussed here deal almost exclusively with stars fainter than this. 
It would be a matter of interest to know at what magnitude the 
ratio of A-type stars to all other types reaches a maximum, as 
well as the magnitude at which the other types begin to predomi- 
nate. From the material at hand, however, there seems to be no 
satisfactory method of obtaining these values. 

In regard to the spectrographic exposures on the Milky Way it 
should be stated that every precaution was taken to prevent sun- 
light from any source reaching the plate. The exposures were not 
begun until the sky was thoroughly dark and were closed before 
dawn. Furthermore, no exposure was made while the moon was 
above the horizon. 

In conclusion, the writer desires to express his great apprecia- 
tion to Director Campbell of the Lick Observatory for the use of 
the spectrograph, and to Mr. P. J. Van Rhyn, who assisted in the 
exposure of the last plate. 


Note added October 22.—The reproductions of the spectra are not very 
satisfactory owing to the enlargement required and the very coarse grain of the 
original negatives. In @ the G-group is faintly indicated, H and K form a 
broad band, and the shadings to the left are the ultra-violet bands referred to 
above. 


Mount WIitson SoLAR OBSERVATORY 
August 27, 1912 
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THE ALGOL VARIABLE RR DRACONIS 
By FREDERICK H. SEARES 


Among the variable stars included in the program of observa- 
tions carried on at the Laws Observatory was the object discovered 
by Madame Ceraski in 1904 which has since received the designa- 
tion RR Draconis. When first placed on the observing-list the 
character of the variation was unknown, but the measures of the 
first two nights showed the star to be an Algol of unusual interest 
on account of the range and rapidity of its variation. It was found 
normally to be a little brighter than the tenth magnitude, but 
during the eclipses, which occur at intervals of two days and 
twenty hours, it became so faint as to disappear from view in the 
73-inch equatorial with which the observations were made. The 
brightness at the time of disappearance was apparently a little less 
than the thirteenth magnitude, so that the range covered by the 
visual observations was in excess of three magnitudes, the average 
change being at the rate of nearly a magnitude per-hour. 

Though the nature of the variation during the two hours that 
the star remained invisible in the Laws Observatory equatorial 
could not be determined, it was possible from the steepness of the 
curve to derive the epochs of minima, and consequently the period, 
with precision. The photometer used was of the equalizing wedge 
type designed by Pickering,’ and as the wedge itself had been care- 
fully calibrated and tested? it was possible to reduce the measures to 
an absolute scale of magnitudes, which were then combined to form a 
mean light-curve. The details of the observations, which extended 
from June 29, 1905, to September 25, 1906, and their discussion 
were published in Laws Observatory Bulletin, No.9. The elements 
found were 

Min.=J.D. 2417026 .682+24831079 E G.M.T. 
with an estimated uncertainty in the period of 1°. 

t Astrophysical Journal, 13, 249, 1901. 

2 Laws Observatory Bulletin, No. 7, 1905. 
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The light-curve derived from the visual observations, reduced 
to the zero point of the Harvard Polar Sequence in a manner to be 
described later, is given in Table I. The phase values in the first 
and third columns are counted from minimum. With the excep- 
tion of a remark by Hartwig,’ indicating a correction of -+-20™ to 
the ephemeris derived from the above elements for 1911, no further 
results seem to have been published.” 


TABLE I 
VisuaL Licut-CuRvVE—LAWS OBSERVATORY 
Phase Mag. Phase Mag. 
01035 12.96 ofr0o IO. 51 
©.040 12.58 0.110 10.35 
0.045 12.29 0.120 10.23 
0.050 12.02 0.130 10.13 
0.055 Tr 7 9 ©.140 10.03 
0.060 II.59 0.150 9.95 
0.005 II.40 0.160 9.88 
0.070 Ta Oe 0.170 9.82 
0.075 Ir.08 0.180 Ons 
0.080 I0.94 0.190 9-74 
0.085 Io. 81 ©.200 9.72 
©.090 10.70 ©.210 9.71 
0.005 10.60 0.220 9.70 
0.100 10.51 ©. 230 9.70 


In order to determine the total range and the character of the 
variation for the part of the curve not included in Table I, the star 
was followed photographically throughout the greater part of an 
eclipse on August 7, 1912, with the 60-inch reflector of the Mount 
Wilson Solar Observatory. 

Eight plates including 61 exposures of 2™ each and 4 of 1", 
covering a period of six hours, were obtained; and on the following 
night three additional plates for the determination of the normal 
brightness of the variable and the zero point of the magnitude 
scale were made. The observational details are contained in 
Table II. On four of the plates exposures were made with various 

* Vierteljahrsschrift der Astronomischen Gesellschaft, 46, 230, 1911. This correction 


and the ephemeris given by Hartwig are based on the provisional elements in Laws 
Observatory Bulletin, No. 9, p. 135. ‘The final elements on p. 138 are more precise. 


* The observations by Lehnert, Astronomische Nachrichten, No. 4596, arrived just 
as this paper was sent to the printer. 
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combinations of apertures for the purpose of establishing the mag- 
nitude scale of the comparison stars. For Nos. 784 and 785 the 
exposures with the full aperture alternated with those made with 
32- and 14-inch diaphragm§; for 790 the order of apertures was 
60, 32, 14, 14, 32, and 60 inches; and for 791, 32, 9, 9, and 32 inches. 
Plate 792 was exposed both to the field of the variable and to the 
Pole, the order being, variable, Pole, Pole, variable. 
TABLE II 
List oF PLATES 


Date G.M.T. Plate No. | Exp. Time | No. Exp. Aperture Seeing 
IQI2 
August 7....| 16®55™—172 30m 77 gm 9 60 5 
7 327 —18 616 779 2 8 60 4 
#9 123-10) 92 780 2 8 60 3 
CORSO ay 781 2 9 60 3 
IQ 54 —20 20 782 D 9 60 Zae 
20 35 —21 If 783 2 9 60 mh 
22 3 —22 37 784 2 9 60, 32 3 
CoA — 2s 0 785 I 4 60, 14 3 
August 8....}18 59 -I9 I1 790 I 6 60, 32, 14 5 
19g 17 —IQg 30 791 2 4 32,9 5 
19 34 -19 55 792 2 4 32 6 


Fourteen comparison stars, all near the variable, were selected 
for use in the determination of the magnitude scale. The brightest 
of these, which is No. 1 of the list, is B.D.+62°1642, 9.3 mag. The 
others, all of which are fainter than the Durchmusterung limit, may 
be identified with the aid of the chart of the field shown in Fig. 1. 
On the diaphragm plates all of the comparison stars were measured. 
The resulting mean scale readings, corrected for distance error, are 
given in Table III. The subscripts in the headings of the table 
refer to the aperture. The mean scale readings of the stars of the 
Polar Sequence shown on plate 792 are also given in Table III, in 
the last column. The corresponding Polar Sequence numbers and 
magnitudes taken from Harvard Circular, No. 170, are in the two 
preceding columns. The scale readings for such stars as were used 
for the reduction of the remaining plates are given in Table V. 

The data for plates 784-791 were reduced in the usual manner* 

«A general account of the methods of observation and reduction followed in 


photometric work with the 60-inch reflector is in preparation and will be published 


shortly. 
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for the determination of the magnitudes of the comparison stars. 
The various scales were brought to an arbitrarily chosen common 
zero point, and the separate values for the brightness of each star 
combined to form the provisional magnitude given in the second 
column of Table IV. The five columns immediately following 
contain the deviations of the separate determinations from the 
mean provisional magnitudes. There is no evidence of appreciable 


62°30! 


18b4g2m 41m 40m 39™ 


Fic. 1.—The comparison stars used with RR Draconis (1855.0) 


systematic differences between the different determinations of the 
scale, and in general the consistency of the results is satisfactory. 
The average deviation of a single magnitude, including the effect 
of scale error over a range of four magnitudes is 0.096 mag., which 
corresponds to a probable error of +o0.081 mag. 

To reduce the provisional magnitudes to the zero point of the 
Harvard Polar Sequence the values of the scale readings of the 
Polar Sequence stars given in Table III for plate 792 were plotted 
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against the corresponding Polar Sequence magnitudes. From the 
curve thus established were read the values of the magnitudes cor- 
responding to the scale readings of the comparison stars photo- 
graphed on the same plate. These are entered in the eighth 
column of Table IV. The differences between these values and 
the corresponding provisional magnitudes in the second column 
appear in the ninth column and, disregarding extinction, represent 
separate determinations of the constant for the reduction of the 
provisional magnitudes to the Polar Sequence zero point. The inter- 
val of brightness covered by the polar stars is too short to afford a 
reliable comparison of the scale derived for the comparison stars 
with that of the Polar Sequence. 


TABLE III 
MEAN SCALE READINGS FOR MAGNITUDE SCALE PLATES 


784 785 790 792 792 
STAR POLAR SEQUENCE 
S60 S32 S60 Sxg S60 S32 S14 S32 Sg S32 
. No. | Mag Sga 
Dn 3-210 O.4l 0 50 EE2- Ol 28O|) SEO ET Lr. Ol Onl ele mnOnl mt 4u|TOns 2mOnS 
Ey Bnei] NG) aC) Swe) Be] Choe) eee Feit Beel Os) Flaky] Hes 
Dee Netenets ES). Oil LO. O| eee) cere isi D5 aS llvasaste Vile Ao cok 13.7} 5s|10.68] 10.4 
Bae ee O38) eta) LEA |e ee OVA RDS. Ole reer TA hi honeree 14.3] 18 |11.92| 14.4 
Qe On 2) TAs) PL Sheens OLO|eL500|h ance TAS | aisisees 14.0] 19 |12.28] 14.7 
Bere Ons ela. Out 2 21ers TOZO|/ 2 7sdl|oerers TACO eer I4.7| 7s|12.31| 14.8 
Geel TO A erseS) 12.210... EEO) ce llores Tha (5 | ener 16.3) 20))|T22,50|) 1026 
Pe LOROle his -2 | 215 | carne BLA 17.0 lions ole EO ise 15.5] tIr|r2.87| 18.5 
BP LE DetO-3| kA Ll sceke EDO | cveyetees | crete eA | extents 17.4 
Oe ceEb. Tel 7e2| ets: Olle EQ Olisereiere|| orsealele LWIA) oes LG pees 
FO pes LEON 7/-0|) h2,.0lerr 5H Pee ral Reon) TE A| esters 17.8 
EL EEE S | ona TSRO lease LB Ola vctoretell axcrarcte |ieicherehe teers ion 18.0 
Te SAL CORI paeaerc TAS eee TAS [Pea acts op ictevel lo ctextes ltoreneetsllresstarees 
Lee Gal) BAC lecanr ES ie 5 atone Mie CMS ctoollh ua cole odlaeccallnoos 
TA tak 3: Ollenys as Gee ilo toen Bee Aare ln de cial ieeratva tee ca dl lo ciaot 


The zenith distance of the variable for the mean time of ex- 


posure of plate 792 was 34°9. That of the Pole is 55°8. The 
difference is greater than desirable, but could not be avoided with- 
out a serious disarrangement of the observing program. In the 
absence of special extinction tables for Mount Wilson an approxi- 
mate value of 0.20 mag. has been derived from those of Miiller.* 


t Photometrie der Gestirne, p. 515, 1897. 
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The visual extinction has been doubled, and a rough interpolation 
has been made for elevation above sea-level. The application of 
the extinction correction to the mean of the quantities in the ninth 
column of Table IV gives for the reduction constant of the pro- 
visional magnitudes 8.95 mags. The resulting magnitudes adopted 
for the comparison stars are printed in the last column of Table IV. 


TABLE IV 


MAGNITUDE OF COMPARISON STARS 


Residuals 
gan pie Red. to d 
Star Pro- : Palak Adopte: 
No. ee 784 785 eae. Fe 791 Place Sequence BS. 
60-32 60-14 32-9 792 
60-32 60-14 

Tia steyete 0.90 | + 1 +17 —it — 12 ate FO A tere setae |e rast ets 9.85 
Deets 2403 |) <5 + 1 Sr Nae ae a Re — 7 EERO 8.84 | 11.98 
Sica Be Tol | to —10 + 8 -II —- 5 I2.07 8.95 | 12.07 
Yileis Aeac BoB | ae a =u lop § +5 | +3 EE.OS | S75) | E2219 
Gieeeesrels Bod || Site) +7 9% 09 E17 T2420 8.80 | 12.35 
OG ee BAO |) — 2 Sills —16 —I4 +16 12.53 8.85 | 12.63 
Wiseletscs B57 Oneal + 5 = 2 + 2 at 12,38) | | S108) |922),.05 
isegae td 4.02 | + 8 —25 +15 +17 —I2 I2.70 8.68 | 12.97 
Oise sses 4203 |= "5 — 5 +13 +14 —18 12.76 Sn73) || 2n0S 
TOs aes 4.06 | —18 a +13 +14 — 8 12.76 O570) nES 308 
RTs 4228 Nic O +-9 SE = Say ||| eu ahiees P2=OOn| a Os 520 lekaees 
TDi hose 4.58 | +10 are =D eat Ye introns (ai. oe Oo ORS EsE5S 
Tio NS s 4.80 | — 7 — 2 +7 Oso Oitecsererle east ntae eee ere 116 5) 
TA ais 4.89 | — 9 +1r + 4 PNEN I 4 ores ehotell ksveleee syellscniceeterae 13.84 

IMieanis| Ramer ©0864 |FO709011).O20040)| OnLOLe||O. tice emnier 8.75 

ER EIMCEION Ss: ues artctors cis sicseig MOL IOLI EE Mee ee ee ©.20 

8.95 


With the magnitudes of the comparison stars once established, 
the determination of the brightness of the variable becomes a 
simple matter. It is only necessary to plot the scale readings of 
the comparison stars for any plate against the adopted magnitudes 
and then read from the resulting curve the magnitude correspond- 
ing to the scale reading of the variable. 

The scale readings for the comparison stars derived from plates 
778-783 and given in Table V are the means of the eight or nine 
exposures on each of these plates, a single estimate with the pho- 
tometric scale being made for each image. The results for the 
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variable from these plates are given separately for each image in 
Table VI. These are the means of three estimates with the scale. 

Since the mean image was used for the comparison stars, 
and separate images for the variable, it was necessary to correct 
the scale readings of the variable for the systematic deviations of 
the various exposures from the mean of them all. The corrections 
were derived by subtracting for each star the scale reading of each 


TABLE V 
MEAN SCALE READINGS OF COMPARISON STARS 
Star No. Mag. 778 779 780 781 782 783 
Persie re 9.85 Ae wl Wee gercrery | ayes all ere 3.9 Bal 
D2 Siaparaters I1.98 Qos) Ul Sreney «tie GIO sreeyewe Melee ate 8.8 8.0 
Bek s eres ney Lio 8 CS tae ames [uM ks cette | mes crees 9.7 Ors 
Wiss. fore 12.18 LOLA Ulgeamtegt ive | ill maces 10.7 II.o 10.7 
eae oe SEN sal TOES War lel serciete ically) mores 10.3 10.0 9.4 
On Pee 12.63 LTE Os Pili! Ese anc ei lum secs TIO Ae yl eter. il Meontees 
RR Oa 12.65 DE Sc syteanicy” lle ecssaieus ELALT Die retareecu ilk Wspsrcrrs 
Soacrc 12.97 I2.0 TO Si 11.8 TOTO ail racrtence Fle wpe races 
Deniers 12.98 Te E2EO 1 7/ TD, Org sili) Rrariacee alle teceeners 
ROM eae ieoOu 12-3 55 7/ To) E253 eee || Laer a onde | meacnctcrers 
cy eae Ean.23 I2.0 12.1 11.8 TES OR I Sescperm | Ulcer ra ye 
Lhe 2 oa pic tene moll Jas eas 10} 5) 109) VERE Al ose Wh aooee 
D2 tate se vite lb eacccat 14.2 14.2 TAR DT ewer he tan eee 
Tae ae ee aretatoyk oll! Eoin Arar I4.1 Pete eel aaa Ah Caan 


image from the mean scale reading for all the images of the star. 
The average of the differences for the same exposure for all the 
stars gives the correction which will reduce the scale readings for 
that exposure to the mean exposure for the plate. The results for 
the various exposures on the different plates are given in Table VII, 
the unit being 0.1 of a scale interval. 

The corrections are in all cases small and show that the atmos- 
pheric conditions, both as to transparency and steadiness, were 
satisfactorily constant. The mean values in the last column give 
a pretty clear indication that the plates are free from the photo- 
graphic effect which sometimes causes the first of a series of expo- 
sures on a plate to be systematically brighter than the last.” 

t Professor Pickering kindly allows me to quote from a personal letter as follows: 
“When several exposures are made on a plate, the first and last being short and equal, 


the images formed by the first exposure are almost always brighter than those formed 
by the last. The average difference is about a quarter of a magnitude.” 


285 


8 FREDERICK H. SEARES 


The scale readings of the variable in Table VI are the corrected 
values. In the case of plates 784 and 785 the rate of change in the 
variable is so small that the mean scale reading of the various 
exposures is used, the only distinction being a separation of the 
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—oflr odo +odr +od2 
Fic. 2.—Light-curve of RR Draconis at eclipse 


Broken line—Photographic observations 
Full line—Laws Observatory visual light-curve 


results for the different apertures. The seventh column of Table 
VI contains the values of the brightness of the variable read from 
the magnitude curves for the various plates. The results are also 
shown graphically in Fig. 2. 
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TABLE VI 
Mean SCALE READINGS AND MacnitupEs oF RR Draconis 
1912, August 7 and 8 


Plate Exposure G.M.T, Phase s Mag Phot.—Vis. 

ih tkeenae I 16556™ | of705 —oto68 ok} II.12 —18 

2 Lye ©. 709 —0.0604 8.1 II.43 =i 

3 5 0.712 —o.061 Si2 II.49 == 110) 

4 9 0.714 —0.059 9.0 11.80 +16 

5 13 Onyiy —0.056 9.2 11.88 +14 

6 17 0.720 —0.053 9.6 12.05 +17 

7 21 0.723 —0.050 9.6 12.05 +3 

8 25 0.726 —0.047 9-9 12.16 — 2 

9 29 0.728 —0.045 10.5 12.40 +11 

Fu Bin Be I 17 38 0.735 —0.038 11.8 12.91 +18 
2 51 0.744 —0.029 13.0 337 —13* 

3 55 0.746 —0.027 13.0 13037) —a2 

4 59 ©.749 —0.024 Toe 13.41 —9 

5 18 3 0.752 —0.021 13.6 13.60 +10 

6 7 0.755 —o.018 Dain, 13.63 +13 

7, II 0.758 —0.015 13.6 I3.60 +10 

8 15 0.760 —0.013 13.6 13.60 +10 

SO seis le I 18 32 0.772 —0.001 13<5 13.46 —4 

2 36 0.775 +0.002 T363 13.53 + 3 

Q 40 0.778 +0.005 13.2 13.49 — I 

4 44 0.781 +0.008 Toe 13.49 -—1 

5 48 0.784 +0.011 13.0 13.43 — 7 

6 52 0.786 +0.013 tm I2.49 - 1 

vf 56 0.789 +0.016 12.8 T2835 —I5 

8 I9 0 0.792 +0.019 153 UBolge + 3 

patito cath gic I Ig 14 0.802 +0.029 13.8 13.70 +20 
2 18 0.805 +0.032 Tone L304 See levee 

3 22 0.808 +0.035 12.8 T3633 +37 

4 26 °.810 +0.037 1213 13.20 +39 

5 30 0.812 +0.039 II.9 12.93 +27 

6 34 0.815 +o0.042 IIl.4 12.69 +23 

7 38 0.818 +0.045 IIl.4 12.69 +40 

8 42 0.820 +0.047 10.5 12.30 +12 

9 46 0.823 +0.050 10.1 I2.10 + 8 

Tho APIA I 19 55 0.830 +0.057 8.9 TIA7o +7 

2 59 0.832 +0.050 8.9 11.78 +15 

3 20 4 0.836 +0.063 8.0 IIl.44 —4 

4 8 0.839 +0.066 GeZ II.14 —23 

5 I2 0.842 +o0.069 7.6 ESA) + 3 

6 16 0.844 +0.071 7.0 11.06 —14 

7 20 0.847 +0.074 6.6 10.90 —21 

8 24 0.850 +0.077 6.4 10.81 —21 

9 28 0.852 +0.079 6.6 10.90 -7 

Ghat oe I 20 36 0.858 +0.085 6.6 II.00 +19 

2 40 0.861 +0.088 5.8 10.68 — 6 


*The residuals for the phase values —odo3 to +0403 refer to the minimum photographic bright- 
ness of 13.50 mags. 
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TABLE VI—Continued 


Plate Exposure G.M.T. Phase Ss Mag. Phot.—Vis. 
cise a OOF 3 2ohgam | 01864 +odogt 5.9 10.72 +4 
‘ 4 48 0.867 +0.094 5.8 10.68 + 6 
5 52 0.870 +0.097 5-9 10.72 +16 
6 56 0.872 +0.099 Sis 10.48 = 
7 iO 0.875 +o. 102 Sis 10.56 ae te) 
8 6 0.879 +o.106 4.8 10.28 —13 
9 10 ©. 882 +0. 109 4.8 10.28 — (6) 
784 60 22 20 0.931 +0.158 2D 9.81 — 8 
32 20 0.931 +0.158 8.4 9.81 — 8 
PRN hae oy Suc 60 22055 0.952 +0.179 Aske) 9.85 +7 
I4 54 0.954 +o.181 117) 6) 9.85 + 8 
7OOsrrens 60 TOMES 1.796 +1.023 2.9 9.61 = © 
Be 5 1.796 +1.023 8.8 9.78 + 8 
I4 5 1.796 ap baO23 I1.8 Qa7D + 1 
GOL wei: 32 TON23 1.808 +1.035 6.8 9.69 =i 
9 23 1.808 +-1.025 12.8 9.69 — aE 
Ons ane 32 IQ 44 1.822 +1.049 6.1 9.70 ° 


A curious fact is brought to light by the magnitude curves for 
plates 778-783 drawn from the data in Table V, namely, that 
although the adopted magnitudes afford a consistent representa- 
tion of the measures of plates 784-791 as shown by the residuals 
in Table IV, they do not represent satisfactorily the scale readings 
for plates 778-783. This is clearly shown by the residuals in Table 
VIII which are the deviations for these plates of the adopted mag- 
nitudes from those corresponding to the observed scale readings, 
the latter being read directly from the curves. These residuals are 
clearly systematic, not in the sense that would indicate an error of 
scale, but as though the comparison star magnitudes were affected 
with large accidental errors. Most of the stars, for example, show 
deviations of the same sign and of the same order of magnitude for 
all of the plates of this group upon which they were measured. 
The difficulty is not with the comparison stars, however, but with 
the plates of this particular group for which the error depending 
on the distances of the stars from the axis of the instrument was 
undoubtedly abnormal. It has been found that comparatively 
small temperature deformations of the mirror are sufficient to 
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modify radically the character and amount of the correction 
required to compensate this error. The mirror is known to have 
been in an abnormal condition during the early part of the night 
when the plates in question were exposed, but as it is impossible to 
determine the distance error for each plate separately, the correc- 
tion for normal figure was applied. The systematic deviations in 
Table VIII represent the uncertainty of such a method of procedure. 
The comparison star magnitudes were derived from plates made 
after the mirror had become normal, or nearly so. That they are 
not also affected by an uncertainty in the distance error is shown 
by forming a similar table of deviations for the results obtained 
with the 32-inch diaphragm on plates 784, 790, 791, and 792. With 
this aperture the distance error is vanishingly small for the extent 
of field covered. The comparison of the adopted magnitudes with 
the scale readings for the diaphragm exposures should therefore 
reveal any uncertainty that may have entered through the full 
aperture exposures on the plates from which the magnitudes were 
derived. The resulting deviations are wholly accidental, however, 
from which we may conclude that the comparison star magnitudes 
are unaffected by a residual distance error. 

The whole question of the determination of the proper correction 
to be applied for distance error is one that has given much trouble 
in photometric work with the 60-inch reflector. With care, how- 
ever, the difficulties can largely be avoided, as will appear from a 
detailed discussion to be published in a later paper. 

In the present case the matter is complicated by the fact that 
there is available but a single bright comparison star. Owing to 
the absence of other stars of similar brightness the magnitude 
curves were naturally drawn through the points corresponding to 
the bright star. For this reason no residuals appear in Table VIII 
for this object. The brighter magnitudes of the variables may 
therefore be slightly in error in such a way as to affect systematically 
the results for a plate; but only plates 782 and 783 can be so affected, 
and the smoothness of the resulting light-curve indicates that the 
errors must be small. The images of the variable itself are un- 
affected, as they were always near the axis. The results for normal 
light are also unaffected by residual distance error, for they were 
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derived from plates made when the figure of the mirror was satis- 
factory, and depend almost exclusively upon exposures with dia- 
phragms of 32, 14, and g inches for all of which the distance 
correction is negligible. 


TABLE VII 


REDUCTION TO MEAN EXPOSURE 
Unit=o.1 Scale Interval=o.035 Mag. 


MEANS 
EXPO | 778 779 780 781 782 783 784 |— 
Ss Mag 
b ar ereN fo) +2 +1 —4 +1 ° 0.00 0.00 
Besos +1 Se +1 a are +I +0.08 | +0.03 
Bass —T —2 +3 2 —3 --I +3 +o0.03 | +0.01 
Akemi +2 —2 +4 —I —I +3 ° +o0.07 | +0.02 
Buea +2 —I -I —I +2 =—7 ee —O.II | —0.04 
(ieerieyic +2 ° —I —3 +1 +2 ° +o.o1 0.00 
| aera —I +1 —2 +1 +2 —4 —I —o0.06 | —o0.02 
Seer —T 1 —I —3 ° +3 =f- =—0.03 | —O.OL 
Ozveee —3 +1 —tT +2 +3 ° =e ©.00 0.00 
TABLE VIII 
COMPARISON STAR RESIDUALS 
Star No 778 779 780 781 782 783 
1 Sets tench Set nee ad 
oho icicles —I0 ts A es —23 —43 
Birtetemianre its +36 owas Bee ° ° 
A Ransa neste +18 Echt +20 +50 +43 
SB okcoauacieter —2 gs —17 —15 —24 
GYS 2 a hae ° Bets +17 We 
CRAG Sec REN + 5 eee —12 
Se ae tena + 3 + 6 + 6 fo) 
Didoiels ses alate —I0 + 1 ° — 1 
TOs te Newiereiers +13 +25 +19 +10 
8 Marea oes —22 —20 —20 —31 
TD eile mesete —16 —20 —16 
Tae recta Py cee 7] + 6 + 8 
LA ieciuc ene —7 - 7 —4 


From a comparison of the times corresponding to a series of 
points on the steepest parts of the two branches of the light-curve 
the observed time of minimum is found to be 18533" G.M.T. As 
the reduction to the sun is +1™,! the observed heliocentric mini- 

* Laws Observatory Bulletin, No. 9, 135, 1907. 
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mum is 1912, August 7, 18534" G.M.T. with an uncertainty of 1™. 
The minimum calculated from the original elements given above 
is 18545"2. The correction to the ephemeris is therefore —11™2. 
As 917 periods separate the present minimum from the epoch of 
the elements, the correction to the period is —0874 or —o‘%oo0009. 
The revised elements are therefore 

Min.=J.D. 2417026.682+24831070 E G.M.T. 


with an uncertainty in the period of 0807. 

From the last three plates listed in Table VI, all of which were 
exposed during normal light, the maximum brightness of the 
variable was found to be 9.70 mags. The result of the Laws Obser- 
vatory visual observations, referred to the system of the Potsdam 
Durchmusterung, was 9.98 mags.,* which was obtained by a reference 
to stars 9950 and 10372 of the Generalkatalog whose colors are re- 
spectively GW and WG—. The spectrum of the variable is 
apparently of the A-type;? and though its exact classification is 
doubtful, there can be no question but that it belongs among the 
white stars. It is not likely therefore that the reference of the 
variable to the P.D. stars is greatly affected by color difference. 
The mean reduction of the two Potsdam stars to the system of the 
Harvard Observatory is —o.22 mag. The normal brightness derived 
from the visual observations, referred to the Harvard system, is 
therefore 9.76 mags. The determination of this quantity depends 
upon the measurement with the equalizing wedge photometer of 
intervals of 2.9 and 2.4 mags.,4 and the close agreement of the 
visual and photographic results indicates a satisfactory accordance 
of the visual and photographic magnitude scales. Further data 
bearing on this point will appear later. 

The phase values in the fifth column of Table VI were obtained 
by subtracting the observed time of geocentric minimum from the 
epochs of observation in column four. Assuming that the interval 
of constant minimum light falls within the phase limits +0030, 

* Op. cit., p. 128. 

2 Annals Harvard College Observatory, 56, 189. 

3 Publikationen des Astrophysikalischen Observatoriums zu Potsdam, 17, XXXIV, 
1907. 

4 Laws Observatory Bulletin, No. 9, 128, 1907. 
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there are available for the determination of the minimum bright- 
ness sixteen observations. The mean result is 13.50 mags. The 
inclusion of the first three observations is questionable, though the 
symmetry of the curve indicates that they fall within the period of 
constant light. If excluded, the minimum brightness becomes 
13.53 mags. 

The ordinate of the visual light-curve for normal light, referred 
to the star B.D.+62°1639, is +o.34 mag.t As the normal bright- 
ness has been found to be 9.70 mags., the visual curve may be 
reduced to the zero point of the Polar Sequence by adding to its 
ordinates the constant 9.36 mags. The values given in Table I 
were derived in this manner, and the corresponding curve is shown 
with the photographic observations in Fig. 2. The values of 
the deviations in hundredths of a magnitude appear in the last 
column of Table VI. Within the phase limits +o4o30 for which 
the visual curve is lacking, the residuals are referred to the mini- 
mum photographic brightness. 

It will be noted that for two magnitudes below normal light 
the photographic variation is closely represented by the visual 
light-curve. From this point on, the photographic variation is 
greater than the visual, the divergence amounting to about three- 
tenths of a magnitude in an interval of a magnitude and a half. 
If it be assumed that the photographic and visual range of varia- 
tion are necessarily the same, this would imply a relative error in 
the photographic and visual scales of 20 per cent; but in view 
of their close agreement for the first two magnitudes of the 
light-change and for the intervals measured in determining 
the normal brightness referred to above this is unlikely, and the 
evidence, as far as it goes, indicates that the photographic range 
is really greater than the visual. For the greater part of the 
curve the variation is rapid, and the last magnitude of the change 
requires but twenty minutes. 

The value of the range of variation given by the photographic 
observations is 3.80 mags. As to the reliability of this result, the 
following may be remarked: The uncertainty of the values for 
both maximum and minimum brightness of the variable as indi- 

1 Op. cit., p. 136. 
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cated by the deviations of the individual values from the means is 
only 0.02 mag. The actual uncertainty for maximum light is 
considerably in excess of this, however, owing to the fact that there 
is but one comparison star at all comparable in brightness with the 
variable. Any error in the brightness of this star will therefore 
enter practically to its full value into the calculated brightness of 
the variable. The comparison star residuals in Table IV indicate 
that the uncertainty for the object in question, No. 1, is 0.04 
mag., which includes the effect of scale error, but not that of the 
zero point. For minimum light on the other hand the course of 
the magnitude curves from which the brightness of the variable 
was read is determined by several comparison stars, so that, dis- 
regarding again the error of the zero point, the uncertainty entering 
through the comparison stars into the minimum brightness is 
comparatively small. From a consideration of these points it 
seems likely that the observed range in brightness is correct within 
a tenth of a magnitude, unless there is an unsuspected error affect- 
ing similarly all of the separate determinations of the magnitude 
scale. 

So far as the amount of variation is concerned RR Draconis 
stands third among the 134 variables listed in Harvard Annals, 56, 
187. It is exceeded only by RW Tauri, for which the range is 
3.9 mags., and by RZ Aurigae, to which a photographic amplitude 
of 5.0 mags. is assigned, though the visual variation is much less, 
the results by various observers being 2.1' and 1.7 mags.” 

Though it is not at present desirable to enter upon a detailed 
investigation of the system, certain points may be noted. The 
observed eclipse is, of course, that of a bright object by one relatively 
faint, for such is always the character of the eclipse corresponding 
toa principal minimum. Moreover, the data are sufficient to show 
that the eclipse is total and not annular—that the darker star is the 
larger of the two. 

If A, and A, represent the light received during the principal 
and secondary minima, respectively, and if k be the ratio of the 


t Hartwig, Astronomische Nachrichten, 178, 395, 1908. 
2 Pratka, ibid., 185, 291, 1910. 
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diameter of the smaller star to that of the larger, we have’ when the 
‘ principal minimum is the total eclipse, 


A,=1I- hAp (x) 
and when the principal minimum is the annular eclipse 


At (2) 


Corresponding to the range 3.80 mags. 4y=0.03, whence (1) 
and (2) become, respectively, 


= 1—0. 03k? (Prin. Min. is Total Ecl.) (3) 
= ee (Prin. Min. is Annular Ecl.) (4) 


subject to the condition A,<1. Equation (3) is obviously possible, 
but in order that (4) may exist we must have k?>0.97. 
From the general relations for a circular orbit of inclination 7 
(1 —k)?_ cot? i+sin? 6, ( ) 
(1+k)? cot?i+sin? 4, 5 


in which 9, and 9, are the longitudes of the smaller star, counted 
from minimum, corresponding to the first and second contacts of 
eclipse, that is, to the beginning of the variation and of the constant 
minimum phase. Since 7 is necessarily nearly go° we may write 
(5) in the form 

1—k_ sin 6, 

rk sin}; © 


and derive an approximation for k from 


_sin 6,—sin 0, 
sin 6,+sin 0, (7) 


This value will in general be too large; for since sin 9,>sin 9,, the 
true value of (1—k)/(1+k) from (5) will be larger than that given 
by (6), and hence the true & will be Jess than the approximation 
from (7). If therefore the value of k from (7) is such that k?<0.97, 
there is no possibility of the principal minimum corresponding to 
annular eclipse. Such in fact is the case, for the phase values of 
* Russell, “On the Determination of the Orbital Elements of Eclipsing Variable 
Stars,” Astrophysical Journal, 35, 323, 1912. 
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the first and second contacts are of22 and o4o3, respectively. 
From these we find from (7) for the maximum value of k, 0.76, and 
of k?, 0.58, which is far below the limit corresponding to the asso- 
ciation of the annular eclipse with the principal minimum. The 
estimation of the times of contact is naturally very uncertain, but 
even if we assume such extreme values for the phases as 0430 and 
ofors the result for the maximum #? is 0.81, which is still safely 
below the limit. Such phase values are, however, clearly excluded 
by the observational data, and we can only conclude that the 
eclipse corresponding to the principal minimum is total. The 
system is therefore remarkable in that the smaller of the two stars 
is the brighter. 

This result strengthens the conclusion stated above as to the 
probability of the photographic range being in excess of the visual. 
In fact with such a system the photographic range must almost 
certainly be greater than the visual, for, since the fainter body is the 
larger, the chances are very strongly in favor of its being redder 
than the brighter. During normal brightness the light is prepon- 
deratingly that of the brighter star, which is of the A-type, and 
the photographic and visual magnitudes will be sensibly the same. 
During the principal minima the A-type star is wholly eclipsed by 
its larger and redder companion. As the latter is fainter photo- 
graphically than visually, the photographic range of variation must 
be greater than the visual. Moreover, for a large part of the light- 
curve there will be no appreciable difference between the photo- 
graphic and the visual magnitudes, for the relatively small amount 
of light emitted by the darker star will not form any considerable 
portion of the total received until the eclipse is well under way. 

Finally it may be noted that equation (3) shows that the light 
during the secondary minimum can scarcely be less than 0.98, 
which corresponds to an amplitude of only 0.02 mag. 


Mount WILSON SOLAR OBSERVATORY 
September 6, 1912 
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ON THE OCCURRENGE OF THE ENHANCED LINES OF 
TITANIUM IN ELECTRIC FURNACE SPECTRA 


By ARTHUR S. KING 


In the course of an investigation now in progress on the varia- 
tions in the spectrum of titanium given by different temperatures 
of the electric furnace, it seemed highly desirable to make a special 
effort to obtain the enhanced lines and fix their place, if possible, 
on a temperature scale. In general, enhanced lines are very 
difficult to produce in the furnace, as is to be expected from the 
fact that for most metals they appear in the arc only under special 
conditions, either close to the poles or in an interrupted arc which 
gives momentary conditions approaching those of the spark. 
However, the arc shows these lines for some substances much 
more easily than for others. Thus, the H and K lines of calcium, 
which are to be classed as enhanced lines, are also among the 
strongest arc lines. It was shown in a previous paper’ that they 
may be obtained in the furnace at a stage considerably below 
the highest furnace temperatures, and exhibit a rapid rise in 
intensity with temperature. The enhanced lines of titanium also 
occur in the arc, some of them being fairly strong, though weaker 
than many of the arc lines. It has been shown in previous pub- 
lications? that the furnace at high temperatures gives a spectrum 
for titanium comparing in richness with that of the arc, but the 
enhanced lines were notably lacking in the furnace. Their strength 
in the arc, however, gave promise that by forcing the furnace 
temperatures the enhanced lines could be made to appear. This 
has been accomplished, and some supplementary experiments have 
shown several remarkable phenomena bearing directly on the nature 
of enhanced lines in general which will be reported in this paper. 

Contributions from the Mount Wilson Solar Observatory, No. 32; Astrophysical 
Journal, 28, 389, 1908. 

2 Contributions from the Mount Wilson Solar Observatory, No. 28; Astrophysical 


Journal, 28, 300, 1908; Contributions from the Mount Wilson Solar Observatory, 
No. 60; Astrophysical Journal, 35, 180, 1912. 
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In the previous experiments very high temperatures were 
occasionally employed, but with only moderate dispersion, so that 
the continuous spectrum given by such a temperature was strong 
enough to conceal faint lines. An increase of scale was required, 
combined with brightness of the spectrum. Fortunately, a new 
plane grating was available, ruled by Anderson on the Rowland 
machine, which gave very bright spectra in the first and second 
orders in spite of its small area (6.3X7.2cm). The second 
order of this grating was used in the Littrow spectrograph of 
30 ft. (9.1m) focal length, the scale being approximately 0.9 A. 
per mm. The photographs were made on Cramer “Crown” 
plates for the region from A 4220 to A 4600, in which range titanium 
has about forty enhanced lines of varying intensities, but all show- 
ing a behavior in arc and spark quite typical of this class. 

The tube resistance furnace was used with its parts arranged 
as described in previous papers, but without any jacketing material 
around the tube. The chamber was pumped out to a low pressure. 
The tubes of Acheson graphite first employed were 12.5 mm inside 
diameter, 18.3 mm outside diameter, and 30.5 cm long, the heated 
portion being 20.3 cm long. A potential of 30 volts on these tubes 
gave 1600 amperes, falling to about 1500. Pyrometer readings 
for several trials gave above 2600° C, when the instrument was 
sighted at the interior of the tube. This value is probably low, 
being measured for an open tube. Under such conditions, all of 
the stronger enhanced lines appeared very distinctly for exposures 
lasting 3 minutes. A 2-minute photograph, showing less continuous 
ground, is reproduced as No. 2 of Plate XXI. The enhanced lines 
are plainly visible in the negative, but can hardly be expected to 
show in the reproduction. No. 1 in this plate is the spectrum for 
about 2400° and shows no enhanced lines. 

We thus have the result that the temperatures attainable in 
the furnace, when operated in the regular way, will give all classes 
of titanium lines, and so far as the examination of the visible 
spectrum has proceeded, it appears that all lines of titanium appear- 
ing distinctly in the arc can be obtained in the furnace. 

The next step was an attempt to obtain still higher temperature 
by the use of thinner tubes. Tubes with slightly thicker walls 
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ENHANCED LINES OF Ti IN ELECTRIC FURNACE 3 


than those previously used were turned down so as to give a wall 
about 2 mm thick for 5 cm at the middle of the tube, the powdered 
titanium carbide being placed in the middle of the thin portion. 
As surprising effects were soon obtained with these tubes, the 
experiments will be described in some detail. 

A preliminary heating for 1 minute at about 1ooo amperes 
drove off the more volatile substances, but did not melt the tita- 
nium. The tube would stand 1400 amperes at 25 volts for several 
minutes, giving a rich titanium spectrum with the enhanced lines 
visible. When 30 volts were placed on the tube, the current went 
above 1600 amperes (the limit of the ammeter scale), remained 
there a few seconds and began to drop, while the appearance of 
the image of the tube’s interior projected on the slit showed that 
a violent vaporization of carbon was taking place. When below 
1500 amperes the current fell rapidly, showing that the tube was 
burning through, with the formation of an arc. This arc often 
held for 5 seconds or more with the ammeter usually registering 
about 800 amperes, before the ends of the tube were burned so 
far apart that the arc broke. During this time a voltmeter con- 
nected across the furnace terminals remained close to 30 volts, 
though increasing 2 or 3 volts at the beginning of the arcing stage. 
With a gradual burning around the circumference of the tube 
before the formation of the arc, it is doubtful if a high momentary 
voltage occurred such as would result from a sudden complete 
break. The voltmeter would not have recorded this and tests have 
shown that the spectra obtained were not materially influenced 
thereby. 

When the furnace was opened after cooling, the tube was found 
burned apart near the middle of the thin portion, a space of 3 to 
4mm separating the edges all around the circumference. (Con- 
traction of the parts during cooling may have altered the original 
interval.) Each section of the broken tube thinned down gradually 
at each side of the break, beginning about 1 cm from the sharp edge, 
showing how the carbon had vaporized with decreasing violence at 
each side of the weak point where the break occurred. An inter- 
esting feature was that this vaporization took place almost entirely 
within the tube, the outside diameter remaining the same up to 
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the break. This was doubtless due to the strong radiation from 
the exterior of the tube, no jacket being used. 

By making a large number of runs of the furnace with tubes 
of the same kind, it has been possible to photograph the spectrum 
given at various stages of the run which, from the time of turning 
on the 30-volt current to the final breaking of the arc, never lasted 
more than 30 seconds. Three plates were made for the conditions 
prior to the breaking of the tube, when it was wearing thin with 
strong vaporization of the carbon. The slit was covered as nearly 
as possible just before the instant of break. These plates were 
underexposed, but the enhanced lines, though faint, were rela- 
tively strong in reference to the arc lines as compared to photo- 
graphs taken under the regular furnace conditions with a long 
tube of uniform thickness. This evidence indicates a slight rela- 
tive strengthening of the enhanced lines with rising temperature 
while furnace conditions may be considered still to exist. 

A photograph for which the slit was covered just after the 
tube burned through is shown as No. 3 of Plate XXI. This regis- 
ters for the most part the conditions preceding the break, but 
in the short interval in which the plate was exposed during the 
burning of the tube the enhanced lines appeared so strongly 
that the integrated effect gives them about the same intensity 
relatively to the arc lines that they usually have in the carbon arc 
containing titanium. Number 4 of Plate XXI represents a stage 
more favorable to the enhanced lines. The tube broke sooner 
than usual and the plate was exposed after the break longer than 
in the case of No. 3. The enhanced lines are seen to predominate 
strongly in the spectrum. The relative intensities resemble those 
of the condensed spark, but the arc lines show the peculiar soft- 
ness characteristic of furnace lines. Spectrum No. 5 is that given 
by the carbon arc containing titanium, from which the usual 
strength of the enhanced lines in the arc may be seen. 

It is evident from the way the enhanced lines stand out in 
No. 4 of Plate XXI that conditions during and after the burning 
through of the tube are especially favorable for the production of 
these lines. A consideration of what transpires during this part 
of the experiment shows that we have here a source different in 
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many respects from the furnace, arc, or spark as regularly operated, 
and perhaps approaching nearer to the conditions of radiation in 
solar and stellar atmospheres than is done in any of our laboratory 
sources. An important p6int is the high concentration of electrical 
energy over a very short stretch of the tube. Just before the 
break the transformer supplies from 40 to 50 kilowatts, a very large 
part of which must be used over the 5 cm of thin tube, the rest of 
the circuit being made up of low-resistance connections and the 
relatively thick tube at each side of the turned-down portion. 
When the tube has burned very thin at the weakest portion, the 
rupture must be in the nature of an explosion, in which probably 
the highest temperature is generated that can be obtained from 
carbon at the existing pressure. When the tube has burned through 
around its circumference, the vapor inside whose light falls upon 
the slit may be considered as surrounded by a wall of arc which 
must consume nearly all of the 24 kilowatts which the transformer 
usually supplied for a period of from 5 to 15 seconds. When we 
consider that the power ordinarily used for an arc in the laboratory 
is less than 500 watts, the energy consumed in the two sources is 
seen to be of quite a different order. 

While the conditions following the break of the tube are widely 
different from the regular furnace conditions, the low potential 
employed furnishes an important difference from the arc or spark. 
As has been noted, the voltage across the terminals outside the 
furnace appeared not to rise above 33 volts. Granting the pos- 
sibility of a high momentary potential which the voltmeter would 
not follow, experiments have shown definitely that the conditions 
favorable to the enhanced lines extend through the arcing period 
and are not limited to the instant of explosion. The most decisive 
test on this point was made by taking two successive photographs, 
the exposure for one being made as the tube burned apart, that 
for the other beginning about to seconds later. The second photo- 
graph showed all of the enhanced lines in that region, and very 
little besides. 

The foregoing experiments had been made with an image of the 
interior of the tube about 2 cm in diameter projected on the spectro- 
graph head, the light which passed through the slit (4 mm long) 
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being taken from the central part of the image. It now occurred 
to me that there might be a distinct difference between the spectra 
given by the vapor at the center and by that near the wall where 
the arc was in action. As the spectrograph shows almost no 
astigmatism, it was a simple matter to test this. The length of 
slit used was increased so as to pass across the diameter of the 
image from wall to wall. When a tube was used at a temperature 
which did not burn it through, there was no perceptible difference 
in strength or appearance of the lines from center to wall, so 
that in the regular operation of the furnace the long slit offers 
no advantage. 

For the conditions when the tube was burned through, however, 
a difference of the most striking nature appeared. The non- 
enhanced lines were much weaker in the center of the tube than 
near the wall, while the titanium enhanced lines showed almost no 
change in intensity across the diameter of the tube. In other words, 
the enhanced lines were very strong in the middle of the tube rela- 
tively to the lines characteristic of the arc. This phenomenon was 
photographed on six plates with no variation in the general features.* 
The spectra in Plate XXII were made with the long slit as described, 
and are reproduced almost full scale. Each spectrum is in two sec- 
tions. No. 1 is a true furnace spectrum taken with a turned-down 
tube but with only 25 volts, which did not burn it through in the 
minute required for the photograph. Nos. 2 and 3 were made by 
exposing at the moment of break with 30 volts on the tube. The 
enhanced lines are marked in No. 2. Spectrum No. 3 has less gen- 
eral intensity and the enhanced lines stand out in the middle of the 
strip more distinctly than in No. 2. The uniformity of intensity 
across the diameter of the tube makes the selection of the enhanced 
lines a matter of the greatest ease, and is striking evidence of their 
dependence on a different physical condition of the vapor than that 
favorable to the non-enhanced lines and to the carbon flutings, 

t Note added January 1913: 

Supplementary photographs have been taken extending from \ 3900 to A 5227, 
in which all of the titanium enhanced lines in this range have been obtained in the 


broken-tube spectrum. Their intensities relative to the arc lines were found to be 
fully in accord with those of the lines discussed in this paper. 
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ENHANCED LINES OF Ti IN ELECTRIC FURNACE 7 


of which the band with heads at AA 4382, 4371, and 4365 comes 
out strongly. At A 4267 appears the spark line of carbon, strong 
in the center and scarcely visible at the wall of the tube, its behavior 
being just opposite to that of the carbon bands. This line will be 
discussed farther on. 

The enhanced lines would thus seem to show a distinct lack of 
dependence upon either temperature difference or potential fall. 
A temperature difference as we pass from the arcing wall of the 
tube toward the center is to be expected, and this is borne out by 
the diminution in intensity of the non-enhanced lines. The carbon 
flutings also, whose intensity in the regular furnace closely follows 
the temperature, are much weaker in the center of the tube. 
Likewise, such potential fall as there is in this low-voltage arc 
must be much greater close to the wall than at a point in the center 
of the tube 6mm distant from the arcing point. If a decided 
difference in vapor density prevails between center and wall of 
the tube, the enhanced lines might be less affected by this than 
the arc lines. It is difficult to say how great a difference of this 
sort there may be, but the width of the arc lines, which is governed 
largely by the vapor density, seems to decrease less rapidly toward 
the center of the tube than does their brightness, which is controlled, 
for this class of lines, chiefly by the temperature. 

The spark line of carbon, A 4267, shown on Plate XXII, appeared 
on all plates taken with the burned-through tube, being strong 
and unsymmetrically reversed in the center of the tube, and decreas- 
ing in strength toward the wall, until it was almost invisible at 
the edge of the image representing the point nearest to the hot 
carbon. As has been noted, the vaporization of the carbon was 
very violent under the conditions of this experiment, but the line 
does not appear in the furnace when the tube does not break 
nor in the carbon arc burning with continuous current. Crew 
and Spence’ obtained it in an arc in which one terminal was a 
rotating disc of graphite. They describe its behavior as follows: 

A very curious thing happens with this rotating graphite arc, viz., the 
appearance of the well-known carbon spark line at 4267, a Hauptlinie of 
Eder and Valenta. Few lines are so sensitive to rapid changes in E.M.F. 

t Astrophysical Journal, 22, 199, 1905. 
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This line is strong in the spark between amorphous carbon poles, provided 
they are cold; if, however, the carbon tips have been heated, the line disappears 
even from a powerful transformer spark. On the other hand, this line which 
does not appear in the ordinary carbon arc comes out strong in the rotating 
graphite arc, where the natural quickness of break which characterizes the 
graphite arc is accentuated by the motion of the electrode. In other words, 
this line disappears with great readiness from its natural source (the carbon 
spark) and appears, on slight provocation, in a source where it might be least 
expected, the graphite arc. Such capricious behavior might lead one to hesitate 
in assigning this line to carbon; but its presence in pure Acheson graphite 
leaves little room for doubt as to its identity. 


It is characteristic of enhanced lines in general that they weaken 
in the spark when the electrodes become hot; also, that such lines 
in many cases are given by the rotating arc used by Crew,’ especially 
when operated in an atmosphere of hydrogen. The decrease of 
potential gradient in the spark with hot electrodes and the increase 
due to the sudden break in the rotating arc have been given as 
the most plausible explanation of this behavior of the enhanced 
lines. An extended investigation may prove that this conduct 
of the carbon line A 4267 is typical of those enhanced lines which 
do not appear at all in the arc when burning continuously, such 
lines being a step more difficult of production than the titanium 
enhanced lines. When we have a source of great energy like the 
burned tube which is able to produce lines of all classes, the present 
evidence indicates that the arc lines, the titanium enhanced lines, 
and such lines as 4 4267 form a sequence for which a high potential 
gradient is not necessary and the region of highest temperature 
becomes increasingly unfavorable for the successive classes. The 
proximity of hot carbon appears as destructive to the carbon 
spark line in the furnace as in the spark while as we recede from 
the walls the vapor rapidly becomes better able to give this line. 

Another highly interesting phenomenon appears in the spectrum 
when the tube burns through. The ends of the long lines, given 
by the vapor close to the arcing walls, show nearly uniform bright- 
ness across their width, while as we approach the middle, the red 
side of the line becomes constantly stronger. If the line is reversed, 
the dissymmetry of the two sides is very marked; if unreversed, 


t Astrophysical Journal, 12, 167, 1900. 
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ENHANCED LINES OF Ti IN ELECTRIC FURNACE 9 


chiefly the red side remains at the middle. This difference does 
not show for the titanium enhanced lines, though these lines being 
narrow and “hard” could not be expected to show it so distinctly 
if it is present. The spark line of carbon is very unsymmetrically 
reversed (see Plate XXII), the red side being almost twice as strong 
as the violet. 

The effect, as compared to the regular appearance of the furnace 
line, may be seen in Plate XXIII. Three spectra are shown, taken 
with the same sort of tubes and the same optical arrangements, 
the conditions for the third being a combination of those for the 
first two. No. 1 is a regular furnace spectrum exposed 1 minute. 
The lines show little difference in intensity from end to end and 
are symmetrical in structure, whether reversed or not. Traces 
of the enhanced lines are barely visible in the negative. No. 2 
is the broken-tube spectrum taken in 15 seconds, the plate being 
exposed at the moment of break. The large scale shows to advan- 
tage the variable intensity of the arc lines from end to end as com- 
pared with the unchanged condition of the enhanced lines, but it 
is given chiefly to illustrate the difference in structure at center 
and ends of the arc lines. The reversed lines show almost com- 
plete symmetry when given by the vapor near the wall of the 
tube, while in the middle of the tube little remains of the violet 
side of the line. The unreversed line 44527 has the same structure 
narrowed down. No. 3 was made by an exposure of about 1 minute 
before the break, followed by 12 seconds while the tube was burning 
through and arcing. The superposition of the two states is seen 
in the presence of strong enhanced lines, while the arc lines are 
nearly in the state of No. 1, but show a weakness and dissymmetry 
in the middle caused by the short period corresponding to No. 2. 

These photographs seem to offer unmistakable evidence of a 
difference in condition between center and wall of the tube which 
affects the structure of the line. Whether it is a real shift of the 
maximum or an unsymmetrical widening cannot now be decided. 
It is probably the latter, but in any case it is a disturbance which 
would greatly affect wave-length measurements and must be 
recognized as a condition likely to occur in any source in which 
the vapor approaches a state such as we have here. As would 
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be expected, different photographs do not show this effect in the 
same degree. The general condition is always the same, but the 
violence of the rupture of the tube and resulting arc will not be 
alike in two experiments. A variability of the excitation during the 
time of an exposure is evident from the poor definition of the lines 
given by the broken tube, indicating the integration of a changing 
state; while the regular furnace lines, if the temperature is kept 
constant, are excellent for measurement. This difference in the 
quality of the lines is plainly seen in Nos. 1 and 2 of Plate XXIII. 

The connection of this effect with another spectroscopic phe- 
nomenon is of special interest. It is well known that the condensed 
spark gives lines whose wave-lengths in many cases measure greater 
than in the arc.t. Whether this is a real displacement or not, 
measurements are affected to such an extent that lines given by 
a strongly condensed spark are useless for accurate standards. 
The conditions in the middle of the furnace tube, when broken, 
give lines of such relative intensities as are obtained in the labo- 
ratory only with very powerful sparks, and we have the same 
apparent displacement toward the red as in the spark, when referred 
to the end of the line which is produced by vapor apparently more 
nearly in the state of the arc. This difference in the case of the 
furnace spectrum can scarcely be ascribed to pressure, a hypothesis 
for the spark which has been carried to the extent of estimating 
the pressure of the spark from known values for pressure displace- 
ments. 

These preliminary observations appear very promising in the 
way of furnishing supplementary data as to the conditions for 
producing the enhanced lines, our knowledge of which has advanced 
slowly owing to the more or less conflicting evidence given by the 
arc and spark phenomena. Among the astrophysical applications, 
which can be made when observations for a number of elements 
are available, one of the most important will probably be to the 
spectrum of the chromosphere. The presence of enhanced lines 
in the upper regions of the sun’s atmosphere agrees with the furnace 
results in that these lines may appear in regions where the nent 
temperatures are not to be expected. 

See, among others, N. A. Kent, Astrophysical Journal, 22, 182, 1905. 

306 


ENHANCED LINES OF Ti IN ELECTRIC FURNACE II 


SUMMARY 


The leading features brought out in this study may be sum- 
marized as follows: 

1. The enhanced lines of titanium appear in the regular furnace 
spectrum for temperatures probably somewhat higher than 2600° C; 
but are very faint compared to the arc lines. 

2. At still higher temperatures, while furnace conditions still 
exist, there are indications ofa slight increase in the relative strength 
of the enhanced lines. 

3. When the furnace tube burns through with the formation 
of a low-voltage arc, the consumption of electrical energy at the 
point being very large, the enhanced lines of titanium and the 
spark line A 4267 of carbon appear with an intensity usually 
attainable only in powerful sparks. 

4. By photographing with the slit across the image of the tube’s 
interior, the relative strength of the enhanced lines is seen to be 
much greater in the center of the tube than near the wall, this 
effect being very pronounced in the case of the carbon spark line. 

5. The vapor in the center of the broken tube shows a tendency 
to give a line farther to the red than that near the wall, this being 
shown in the increasing dissymmetry of the lines from the end 
toward the middle. The effect is in harmony with the action of 
the condensed spark. 


Mount WILSON SOLAR OBSERVATORY 
December 4, 1912 
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THE VARIATION WITH TEMPERATURE OF THE 
ELECTRIC FURNACE SPECTRUM OF IRON 


By ARTHUR S. KING 


It is well known that the spectrum of a given element is usually 
subject to large variations depending on the physical conditions 
of the radiating source. The differences between flame, arc, and 
spark spectra have been studied, with a considerable divergence 
of opinion among investigators as to how largely these differences 
may be ascribed to temperature rather than to the electrical and 
chemical conditions which are manifestly present in different 
degrees in the several sources. Between the flame and the arc, 
overlapping in temperature some of the hotter flames, stands 
the tube resistance furnace, with which the investigation now to 
be described has been carried out. By the use of this apparatus, 
any desired steps of temperature may be obtained and measured, 
up to a point where the vaporization of the carbon tube becomes 
excessive. The resulting spectra show a progressive change in 
the relative intensities of lines with increase of temperature. 
It is the purpose of this paper to give the intensities of iron lines 
as produced by the furnace at low, medium, and high temperature, 
and a comparison in some detail with the arc spectrum, together 
with some mention of the spectra from other sources. The 
material available shows not only the approximate temperature 
at which a given line appears in the iron spectrum, but also the 
rate at which the line strengthens with increasing furnace tem- 
perature and with the change from furnace to arc. The classifica- 
tion based on these results will, it is hoped, aid in showing to what 
extent an observed variation in the spectrum of a given source 
is to be ascribed to temperature differences. 


APPARATUS AND METHODS 


1. The electric furnace.—A general description of the tube 
resistance furnace used in the Pasadena laboratory was given in 
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the first publication concerning itt The furnace consists essen- 
tially of a tube of Acheson graphite, each end of which is clamped 
in a contact block which connects it with one of two water-cooled 
copper pipes leading in the current. The whole is inclosed in a 
heavy steel cylinder cooled by water-jackets, the electrode tubes 
passing through one head of the cylinder. Windows in each end 
allow light from the furnace tube to pass to the spectrograph 
and also permit of pyrometer measurements. 

The contact blocks, instead of being entirely of graphite, as 
in the original design of the furnace, have been improved by 
making them of massive blocks of bronze 5cm thick, sawed 
from top to bottom, and fitting around the upper or lower electrode 
tube as the case may be. In the center of each contact block is 
a cylindrical cavity into which fits a disk of graphite 5 cm in 
thickness and 7.6 cm in diameter, sawed across the vertical 
diameter and bored in the center to receive the end of the graphite 
tube, which is usually about 19 mm outside diameter, 12.5 mm 
inside diameter, and 30.5cm long. These contact blocks give 
little variation in contact resistance, the surfaces being smooth 
and of large area. The two halves are fastened together by four 
horizontal bolts and when these bolts are moderately tight the 
smooth contact surfaces between bronze and graphite allow enough 
slipping to prevent breaking of the tube through relative expansion 
of the connections. 

In the earlier experiments, the furnace tube was inclosed by a 
split graphite tube which was surrounded by loose carborundum 
as heat insulation. In the work done by the writer with the 
furnace filled with air or carbon dioxide at high pressure? such a 
jacket is almost indispensable on account of the rapid oxidation 
of the tube, if it is exposed directly to the compressed gas, and the 
strong convection of heat to the steel walls of the chamber. In 
comparing the spectra at various furnace temperatures, however, 
the chamber is regularly pumped out to a pressure of less than 

* Contributions from the Mount Wilson Solar Observatory, No. 28; Astrophysical 
Journal, 28, 300, 1908. 


? Contributions from the Mount Wilson Solar Observatory, Nos. 53 and 60; Astro- 
physical Journal, 34, 37, 1911, and 35, 183, 1912. 
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2 cm of mercury, and, when this is done, a much greater constancy 
of temperature is obtained by using no heat jacket. The tube 
then quickly reaches an equilibrium of temperature, which varies 
little during the time usually required for a photograph. With 
the carborundum jacket, on the other hand, the tube temperature 
increases steadily for some time, on account of the slow heating 
of the jacket, so that either a reduction of the impressed voltage 
or occasional breaking of the current for a few seconds is required 
to prevent too large a temperature variation during the run. 
Dispensing with the jacket naturally requires a larger current to 
produce the same temperature of the tube, but if sufficient power 
is available, the greater constancy of the temperature is a decided 
advantage. 

The 50 K.W. transformer used for the furnace gives a range 
by 5-volt steps from 5 to 30 volts. For the temperatures employed 
in these experiments, potentials from 15 to 30 volts were generally 
used, the currents ranging from 800 to 1600 amperes. 

2. Measurement of temperature —Observations with a Wanner 
pyrometer were taken regularly during the operation of the 
furnace, the interior of the furnace tube being viewed through 
the window opposite to that directed toward the spectrograph. 
This method should give reliable values for the relative tempera- 
tures at which spectra were successively obtained, which was the 
chief object in the present work. The reading necessarily gives 
a mean value of the temperature from end to end of the tube, 
assuming that the departure from black-body conditions is not 
great, since the line of view can be inclined only slightly to the 
tube’s axis, and thus the temperature of any particular part of 
the tube is uncertain. Attempts have been made to measure 
the temperature at the center of the tube by placing a graphite 
plug midway in its length. Readings of the pyrometer when 
directed at this plug have given temperatures 100° to 150° higher 
than the mean temperature when viewed without the plug. The 
temperature of the plug does not correctly give that of the adjacent 
wall of the tube, but is probably close to it by reason of the high 
heat conductivity of graphite. It is also an open question how 
nearly the temperature of metallic vapor inside the tube agrees 
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with the temperature of the tube itself. These points, however, 
do not invalidate the relative measures required in this investiga- 
tion. 

3. Photography of the spectrum.—Large-scale photographs of 
furnace spectra have been used as far as possible, having the 
obvious advantages of avoiding blends and showing more clearly 
the character and structure of the lines. The vertical Littrow 
spectrograph described in previous publications’ was employed, 
the arrangement most used being with an objective of 30 feet 
(9.1m) focus and a Michelson plane grating of 7.219 cm 
ruled surface, of which area only a part about 5X15 cm could be 
used for the best definition. The dispersion for the first order 
varied from 1.95 A per mm in the blue to 2.06 A per mm in the red. 
The range from A 3880 to A 6600 was covered on this scale. A large 
part of the spectrum, including the portions where lines are most 
numerous and variable, was later photographed in the second 
order with a dispersion close too.95 A permm. The plates were 
9.2X43.2cm in size, the emulsions most used being the Seed 
“Gilt Edge 27,” the Cramer “Inst. Isochromatic,”’ and the Seed 
‘“‘27” bathed with the Wallace three-dye solution of pinacyanol, 
pinaverdol, and homocol.? Cramer “Crown” plates were also 
used for some photographs in the blue region. 

The spectrum beyond 4 6600 and to the violet of 23880 has 
been photographed with a concave grating spectrograph recently 
constructed, which gives very bright spectra with excellent defini- 
tion. Many photographs of the visible region were also taken 
with this and used chiefly to check the large-scale plates. The 
grating in this instrument is of 1-meter radius and 5.1X8 cm 
ruled surface, and was made by J. A. Anderson on the Rowland 
dividing engine. It is mounted, with slit and camera-box, on a 
rigid steel frame, inclosed in a light-tight case. As adjusted, the 
spectral region covered is approximately from A 2000 to A 8000 
in the first order, a strip of film 38 cm long being used in a metal 


* Hale, Contributions from the Mount Wilson Solar Observatory, No. 27; Astro- 
physical Journal, 28, 244, 1908; King, Carnegie Institution of Washington Publication, 
No. 153, 13, 1912. 


2 Astrophysical Journal, 26, 299, 1907. 
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holder. In the work thus far, the regular Eastman kodak film 
has been used. It is sensitive for strong lines to about A 5600, 
with a gradual decrease from the blue to the yellow; but the sensi- 
tiveness to the red of 4 5000 is much increased by the three-dye 
bath, which the films take very satisfactorily. The sharp defini- 
tion permits the films to be examined under a high magnification, 
so that a preliminary survey of the ultra-violet in the second 
order (dispersion 1 mm=8.5 A) was made to good advantage, 
the first order being used in the extreme ultra-violet on account 
of its strength. This small spectrograph has been mounted at 
the end of the furnace opposite to that which is directed at the 
large Littrow instrument, and simultaneous photographs were 
frequently taken, giving a long range of spectrum for the same 
conditions under which a selected region was photographed by the 
large-scale spectrograph. 

4. Operation of the furnace——The furnace having been placed 
in position, with a quantity of iron filings in the tube, and the 
current turned on, an image of the interior of the tube was focused 
on the slit of the spectrograph employed, the focusing lens of 
glass or quartz being selected of such focal length as to give an 
image of convenient size on the slit, and at the same time fully 
to illuminate the grating. The fixed character of all parts of the 
furnace prevents any change in the illumination of the grating 
such as often occurs with other sources. 

Furnace spectra for two and sometimes three different tempera- 
tures were usually taken on the same plate, the exposures being 
timed so as to give a number of prominent lines about the same 
intensity in each photograph. Several arc spectra were added 
with varying exposure times by reflecting the light from an iron 
arc through the same lens as was used for the furnace exposures. 
This gave a means of easy identification of the furnace lines together 
with a number of arc spectra, from which the one whose average 
intensity was best suited for comparison with the furnace spectra 
could be selected. Since the first-order spectrum of the 30-ft. 
(9.1 m) spectrograph gave almost 800 A on a single plate, it will 
be seen that a plate properly exposed furnished a large amount 
of material in which photographic differences, especially in the 
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matter of development, did not enter. While special weight was 
given to a few photographs of exceptional quality, these have 
been fully checked by other good plates taken with both the large 
and the small spectrographs, the former including a number of 
second-order spectra for the detection of possible blends. 

Three approximate temperatures were chosen, which will be 
referred to as low, medium, and high. Pyrometer readings for 
these, taken in the manner already described, gave values of 
1800° to 1900° C. for the low temperature, 2100° to 2300° C. for 
the medium, and 2500° to 2700° C. for the high temperature. 
The intensities of lines were estimated on at least three good 
plates, and, frequently more, for each range of temperature, the 
results being consistent enough to enable one to place pretty 
definitely the position of a plate on the temperature scale by the 
relative intensities of certain lines especially sensitive to tempera- 
ture change. 


THE GENERAL PHENOMENA OF VARIATION OF SPECTRA WITH 
FURNACE TEMPERATURE 


The arc spectrum under certain conditions, in general those 
given by the central region of the arc, not close to either pole, 
is usually taken as the standard for such substances as can be vola- 
tilized to advantage in the arc, by reason of the richness in lines 
and the approximate constancy of relative intensities in the spec- 
trum thus produced. As compared with the arc spectrum of iron, 
the furnace spectrum shows marked differences at all stages of tem- 
perature. At the lowest temperature at which the vapor radiates, 
a group of lines appears which includes not only some of the 
strongest arc lines but also other lines which are only moderately 
strong and others which are quite faint in the arc. Many very 
strong arc lines are entirely absent. As the temperature rises, other 
lines appear, but by no means in the order to be expected from their 
arc intensities; and by taking a range of temperature such as 
was used in these experiments it is seen that the lines grow in 
intensity with temperature at very different rates. Part of the lines 
which appeared at the lowest temperature increase in intensity 
very slowly, some of them, in reference to the majority of the 
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lines, actually seeming to weaken slightly at the higher tempera- 
tures. Other lines about hold their own, while many of the repre- 
sentative arc lines increase very rapidly in intensity. At the 
highest furnace temperatures, the furnace spectrum compares 
closely in richness with that of the arc; in fact, experiments 
thus far have indicated that it is chiefly a matter of long exposure 
to bring out practically all of the arc lines in the furnace at high 
temperature. The differences in relative intensities of lines, 
however, are still large, with two extreme types. One class 
includes lines very strong in the arc which are produced faintly 
only with great difficulty in the furnace. Lines of the other 
class are strong at all furnace temperatures, and in the arc are 
of moderate strength, sometimes very weak. Between these 
extremes there is a large variety in the behavior of the furnace 
lines which will be made the basis of the classification to be given. 


THE STRUCTURE OF FURNACE LINES 


In a previous paper by the writer on the pressure-shift of 
furnace lines,? attention was called to the width of the lines in 
proportion to their density as possibly being connected with their 
sensitiveness to pressure displacement. This structure has been 
studied farther in the spectra taken with the furnace im vacuo at 
different temperatures. 

The vapor distribution in the furnace differs materially from 
that in the arc. We have in the furnace tube a very gradual 
decrease in temperature and vapor density from the middle toward 
either end. At the lowest temperature for which a spectrum can 
be obtained, only the vapor in the central portion is hot enough 
to radiate. The lines are then comparatively narrow, “hard,” 
and can be given any desired blackness in the negative by long 
exposure. A higher temperature results in vapor nearer the ends 
of the tube being made hot enough to radiate, and therefore absorb, 
the central vapor at the same time giving a wider line. The 
effect of this gradual increase in the absorptive power of the 
vapor as it nears the end of the tube is to soften the middle of the 

1 Contributions from the Mount Wilson Solar Observatory, No. 60; Astrophysical 
Journal, 35, 183, 1912. 
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spectrum line and give all variations as the temperature of the 
tube increases, from a hard, narrow line to complete self-reversal, 
provided that the rarer vapor near the ends of the tube ever 
becomes hot enough to radiate (and absorb) the wave-length in 
question. A short range of spectrum photographed at high 
temperature will often illustrate the steps in this process by 
different lines. Those lines which the hottest vapor at the center 
of the tube is barely able to give are narrow. Other lines not 
requiring so high a temperature show the gradual widening with 
softening of the center, through the diffuse stage which precedes 
reversal, and then clear reversals for such lines as are given by the 
vapor close to the end. While these conditions for reversal are 
necessary, they are not always sufficient, since the ease of reversal 
of iron lines increases toward the violet end of the spectrum and 
may vary for different lines in other respects which the present 
investigation has not shown. 


INTENSITY SCALE 


It would be highly desirable to place the grading of line intensi- 
ties on a strict photometric basis; but all who have attempted 
this have met the fundamental difficulty that the increase of 
width with density as a line strengthens is very different for 
different lines. A scale of blackness alone (for lines in the negative) 
would be highly misleading. A scale made by successive photo- 
graphs of an actual spectrum line whose intensity could be closely 
controlled and made to increase at a known rate could be used 
only for a class of lines showing the same behavior as regards the 
increase of width with density. Even this would involve large 
errors when the photographic scale was compared with spectrum 
plates differing in contrast and amount of development, and not 
always normally exposed. Different scales for sharp and diffuse 
lines would be quite necessary, and there is a wide variation in 
each of these classes. Further, the comparison of narrow, dense 
lines with widely reversed lines would seem to be beyond the reach 
of such a method. 

These difficulties, which are general for emission spectra, are 
increased when furnace lines for different temperatures are com- 
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pared. The rapid widening and softening of a line with increased 
temperature, mentioned in the preceding section, makes it harder 
to compare with the appearance of the same line at low tempera- 
ture, where it is narrow and its density is given by long exposure. 
When, however, the spectrum for a given temperature is considered 
by itself, it is found quite possible to grade the line intensities in a 
consistent manner when all features of a given line are considered. 

Proceeding in this way in the present work, a line distinctly 
outlined on the plate has been graded ‘‘1,” a fainter appearance 
being indicated by ‘“‘trace.”’ If, as was usually the case, none of 
the lines were exposed to reach full blackness in the negative, a 
grading of intensities for the various lines could be made which 
would be confirmed with small variations on a second examina- 
tion of the plate by the same person, and with differences only 
slightly greater by another observer. The extension of the scale 
to include reversed lines was not difficult, since the portion of 
spectrum being studied usually offered lines in various stages 
preliminary to reversal whose position in the scale between sharp 
lines and those fully reversed was fairly distinct. The steady 
character of the furnace radiation and the dependence of a line’s 
intensity on the portion of the tube where the vapor is in a con- 
dition to produce the line permit a grading of this kind to be more 
consistent than is often the case with the arc or spark. The lines 
for a different furnace temperature are graded in the same way. 
In the final tabulation, if a line is graded 10 for two temperatures, 
this does not mean that the line is exactly alike as regards width 
and density in the two cases, but that it bears the given relation 
to the lines in its own spectrum for each temperature. 

The writer is well aware that personal and photographic 
differences enter to an undesirable degree in this method of assign- 
ing intensities, but where the aim is to tell whether at a certain 
stage of temperature a line appears on a normally exposed plate 
and to give its approximate intensity compared with other lines 
at the same temperature, I believe the method pursued fulfils 
the requirements better than photometric measures which would 
require constant modification by a consideration of the general 
appearance of the spectrum line concerned. 
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THE TEMPERATURE CLASSIFICATION OF IRON LINES 


In pursuance of the object of indicating the relative response 
to temperature of different lines, both as to the stage of initial 
appearance and the rate of growth with increase of temperature, six 
classes have been formed. A reference class is required, which 
should be made up of a number of lines which are strong at all 
temperatures and show about the same rate of change. This 
is the group to be designated as Class IB. They are plentiful 
throughout the spectrum, except in the orange and red, and the 
photographs have been made so as to give these lines nearly the 
same intensity for different temperatures. 

Class IA has the distinguishing characteristic of strength 
at all furnace temperatures after the vapor begins to radiate, 
and notable weakness in the arc. As compared to the reference 
group I B, some I A lines show a slight weakening as the tempera- 
ture increases, but they remain among the stronger furnace lines 
at the highest temperature. In the arc, however, they are among 
the weaker lines, sometimes being barely visible in a normally- 
exposed arc spectrum. Care must be taken to distinguish these 
from impurity lines which show a similar behavior, the strongest 
lines of a foreign substance often being given with greater intensity 
in the furnace than in the arc between iron terminals. To make 
the identification of the lines of Class I A as certain as possible, 
all of them have been photographed in the second-order spectrum 
with a scale of about o.95 A permm, an arc spectrum being 
taken on the same plate with the ends of the furnace and arc 
lines overlapping. The IA lines were found to coincide exactly 
in every case with faint arc lines which are regularly ascribed to 
iron in the wave-length tables. Possibly a few of these lines 
appearing in the iron arc may be shown later to belong to foreign 
substances, a point which has not been thoroughly investigated 
in this laboratory, but their regular behavior in the arc and spark 
is that of weak iron lines, so that the phenomena offered by this 
important class may be regarded as in all probability real. 

Class I B embraces the well-known group of ‘‘flame’’ lines 
which are given readily in the hotter flames and are relatively 
strong in the outer envelopes of the iron arc. In the furnace 
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they are strong at all temperatures, being taken as the reference 
group in this classification. In the arc they are usually of moderate 
strength, although those in the green-yellow are among the 
strongest arc lines. There is usually a clear distinction in the 
arc between these and the lines of Class I A, for which the arc 
conditions appear to be distinctly unfavorable. 

Class II includes a large number of the stronger arc lines. 
In the furnace they are distinct, often strong, at the lowest tem- 
perature, but as the temperature rises, these lines strengthen 
much faster than the lines of Class I, and are usually found to 
have gone up rapidly in the interval between the highest furnace 
temperature and that of the arc. 

Class III lines are absent or faint at the lowest temperature, 
appear distinctly at medium temperature, show a rapid growth 
at high temperature, and are strong in the arc. Their rate of 
growth is similar to the lines of Class II, but they require a higher 
initial temperature for their production. 

Class IV lines appear only at the highest furnace tempera- 
ture (perhaps as a trace at medium), but show a fair strength. 
Their arc intensity is usually relatively much greater than in the 
furnace. 

Class V includes lines which are absent or very faint in the 
furnace, their strength in the arc varying greatly. Experiment 
has shown that it is possible to bring out many if not all lines of 
this class by prolonged furnace exposure at high temperature, 
but the difference between their arc and furnace intensities is 
greater than for Class IV. In the blue and violet, where impurity 
lines from several rich spectra are somewhat troublesome, lines 
entered as “trace” or “‘1” at high temperature may occasionally 
belong to foreign substances, as their weakness made them difficult 
to obtain on the largest-scale plates and hard to measure closely 
when they did appear. If any of these are not due to iron in the 
furnace spectrum, the classification would be altered only in a few 
cases by moving Class IV lines into Class V. 

From the furnace material available, it is usually easy to 
tell in what group of the foregoing classification a line belongs. 
A few lines are on the border between Classes I A and IB, since 
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the distinction depends mainly on the arc intensity. A decision 
between Classes IV and V is sometimes difficult for weak arc 
lines, but for such lines the difference is not usually important. 
The distinction is clear and valuable when we have a strong arc 
line that may be brought out readily (Class IV) or only with 
great difficulty (Class V) at the highest furnace temperature. 

For some purposes a grouping of lines according to the tem- 
perature at which they first appear may be useful. In that case, 
Classes IA, IB, and II may be regarded as low-temperature 
lines, Class III as belonging to medium, and Classes IV and V to 
high temperature. This grouping leaves out of account the rate 
of increase with temperature, to show which is one of the main 
objects of the present work. 


THE DETECTION OF BLENDS 


It was naturally of great importance to determine how far 
the observed intensity of furnace lines might be affected by blends 
with lines belonging to foreign substances. The most disturbing 
elements, whose stronger lines appeared with those of iron in the 
furnace, were chromium, manganese, titanium, and vanadium, 
the two latter being given by the Acheson graphite. Fortunately, 
furnace spectra were available for these elements on the same scale 
as for iron, so that in the case of a suspected blend, it was a simple 
matter to see whether the furnace spectrum of the foreign substance 
gave that line of sufficient strength to appear when only a small 
quantity of the element was present as an impurity. When the 
furnace line of iron was probably affected in this way, the nature 
of the blend is given in the “‘Remarks”’ column of Table I. In 
the case of some blends it was not necessary to leave the intensity 
of the iron line wholly doubtful. For example, a low-temperature 
iron line is blended with the chromium line A 5204.680, one of the 
strongest in that spectrum. The chromium line, however, is one 
of three which are affected similarly in any given source. From 
a furnace plate for chromium the strength of this line relative 
to the other two could be seen, so that on the iron plate it was 
possible to tell closely how much of the blend was due to the 
chromium line. The large scale of the second-order spectrum 


320 


VARIATION OF ELECTRIC FURNACE SPECTRUM 13 


was useful in separating lines frequently blended with lower 
dispersion, especially for iron lines occurring in the carbon flutings 
which are always troublesome at high temperature. 


a 


EXPLANATION OF THE TABLE 


In Table I the wave-lengths in the first column are those of 
Rowland. The second column gives the intensities of these lines 
in the arc, estimated from spectra taken on the same plate with 
some of the best furnace spectra. The intensities were estimated 
on the same plan as for the furnace spectra. The large range 
of intensity, together with the low values for some lines, results 
from the choice of an arc spectrum not very strongly exposed, 
so that the contrasts are distinct and the weaker lines faint. A 
line graded as low as 2 is a moderately strong line in a fully exposed 
arc spectrum. All arc lines above a certain minimum strength 
are included in the table, whether they appear in the furnace or 
not, this minimum being determined by the fact that some lines 
as weak as this (usually of Class I A) do appear in the furnace 
spectrum. The arc lines listed are strong enough to be considered 
in any general treatment of the arc spectrum, and their action 
in the furnace is of interest. 

The method of grading the furnace lines has been given. For 
both arc and furnace, the standard spectra to the violet of 4 4700 
were obtained on a Seed ‘‘27” plate (old emulsion), and those 
for the remainder of the spectrum on plates or films bathed with 
the three-dye solution. The intensities between A 4500 and 4 4700 
and in the red region are low on an absolute scale by reason of 
decreased sensitiveness of the plates, but arc and furnace spectra 
are affected alike. The letter 2 in connection with the arc intensity 
denotes that the line belongs to the class of “‘nebulous’’ lines 
which show a large width in proportion to their density, while 
y and R indicate respectively that the line is partially or completely 
reversed. The approximate values of the three temperatures are 
given on p. 6. 


321 


ARTHUR S. KING 


14 
TABLE I 
TEMPERATURE CLASSIFICATION OF [RON LINES 
FURNACE 
us ARC C1ass REMARKS 

ile High Temp. een Low Temp. 

3884.518 8 I ss Aye IV 

3885 .657 5 3 ae 8 IV 

3886. 434 40R 4oR 40R 25 IB 

3887 .196 its 15 15 Io IB 

3888 .671 20 be) 9 6 II 

3888 .971 3 a 23 ie Vv 

3890.986 2 I IV 

3892 .069 3 ¥e Vv 

3803 .542 7 3 a oe IV 

38905 .803 25r 20r 20 12 IB 

3898 .032 8 I ay x WW 

3898.151 IO 8? 6? 4 IB? |Blend with V which 
disturbs at medi- 
um and high tem- 
perature. Prob- 
able intensity of 
V line subtracted 

3899.171 2 I a ate IV 

3899 .850 30R 30R 25 I4 IB 

3900. 681 2 56 on he V 

3903 .090 20 TAR Io? 6 II Blend with moder- 
ately strong Cr 
line 

3904.052 5 2 se wh LVS 

3906.628 8 15 15 9 IB 

3900.890 2 eh ia ae Vv 

3908 .077 4 2 = IV 

3909 .976 3 Br be V 

3913-775 4 3 a IV 

3916.879 6 LES a ae V 

3917 .324 8 10 ie) 4 IB 

$018 1484 : Not resolved on 

5 Iv? plates strong 

enough to give 

3018. 563 4 lines in furnace 

3918. 789 6 I ~ V 

3919. 208 B I ae ie IV 

3920.410 20r 20r 20 15 IB 

3923 .054 25R 30R 25 I5 IB 

3925-790 4 I 5. we IV 

3926.086 6 2 ae Ae IV 

3928.075 30R 30R 25 15 IB 

3930.450 25R 35R 30 18 IB 

3932-785 4 I sii - IV 

3935-965 8 3? Iv? |F prance line may be 

a 

3937-479 3 I 26 aa IV 

3041 .025 5 10? 9? 4? IA? |May be partly Sr 
and Co 

39042.586 6 T ae a Vv 

ERR Keen eee Meera eh Kae eS Ne A 
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TABLE I—Continued 
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Furnace line may 
be Ca 


Furnace line may 
be Cr 


Close blend with 
Ti line which may 
predominate in 
furnace spectrum 
at medium and 
high temperature 


May be partly Co 
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TABLE I—Continued 


FURNACE 
x ER OSE Oe 
ROR TNT ARC : CLAss REMARKS 

: High Temp. —— Low Temp. 

4007 .420 6 2 Tr. an III 

4009 . 864 Io 9? 6? I ler aes line chiefly 

a 

4013 .964 2 Vv 

4014.677 10 3 I Il 

4017. 308 6 2 I Il 

4022.018 12 6 2 Ill 

4024881 6n Vv 

4029 . 796 3n ss 

4032.117 Zi Ih ro B fe =e Vv 

4032.789 4 8 6 I III? |Arcintensity low for 
Class III. Well 
separated from 
Mn 4033.224 

4040. 792 4 Ve 

4044 .056 sn Vv 

4044.766 6 2 IV 

4045.975 6o0r 30 22 15 II 

4055.023 3 Be ne se Vv 

4055 .189 B Be a Be Vv 

4057-499 2 af : a Vv 

4058.372 4n ay Ae Es Vv Blend with Co 

4058.95 3 ie ~ ar Vv 

4059.872 3 re be a V 

4062.599 Bike) 4 2 oh Til 

4063 .759 45 20 I5 T2 II 

4067 .139 6 2 Pe IV May be partly Cr 

4067. 429 4 2 2G IV 

4068 .137 8n 2 ax IV May be partly Mu 

4070.930 5n I ae IV 

4071 .908 40 18 1 Io IT 

4073.92 4n I a a IV 

4°74.947 5 I ne IV 

4076.792 8n 2 Pe IV 

4078.515 4 2 re IV May be partly 77 

4079 .996 4 I es IV 

4080. 368 2n Aig. os IV 

4084 .647 6 I a V 

4085 .161 4 I as IV 

4085 .467 4 I . IV 

4090.129 4 2 I Til 

4098 . 335 4n I ae IV 

4100.901 3 10 8 3 IA 

4104.. 288 3 V 

4107 .649 12 4 2 III 

4109 .953 9 ? Vv Weak if present at 
all in furnace. 
reed to strong V 
ine 

4113.117 3n V ioe 
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TABLE I—Continued 


FURNACE 
N 
ROWLAND Arc 4 p Crass REMARKS 

High Temp. ert Low Temp. 

4114.606 5 2 Tr IV 

4118.708 Is 2 I IV 

4120. 368 5 2 IV 

4121 .963 5 I IV 

4122.673 4 I IV 

4126.344 3n am ae a V 

4127.767 vf 2? BP oe IV Furnace line partly 
T3 

4127.057 3n me ae a V 

4132.235 25 15 15 8 II Furnace line very 
slightly affected 
by V blend 

4133.062 8 3 Pe = IV 

4134.840 12 2? re ss IV Furnace line partly 
V 

4137.156 7 oer: kas 58 Vv 

4140.089 2 6 4 2 IA 

4143.572 15 5 2 if III 

4144.038 30 I5 I2 TO II 

4147 .836 bie) se) 8 2 IB 

4140. 533 Sn a as ae V 

4152.343 4 Io 8 2 IA 

4154.071 Io” 2 ee _ IV 

4154.667 12 4 2 os Til 

4154.976 on I ag ae Vv 

4156.970 DD 4 2 Til 

4157.948 8n I a Vv 

4158.959 5n Abies Sa V 

4171 .068 S I Sp W 

4172.2096 5 I ae Vv 

4172.923 4 9 9 3 IA 

4173.480 2 Tr. oe IV 

4174.005 2 6 6 2 IA 

4175.082 & Io ste) 5 IA 

4175 .806 Io 3 I il r . 

4176.739 70 2 IV Blends with high- 
temperature line 
of Mn. Furnace 
line probably Fe 

4177.698 4 ie) sie) 4 IA 

4181 .919 15 6 3 I Ti 

4182.548 4 I re ae IV 

4185.058 Io 3 I ; Til 

4187 .204 20 Io 7 2 II 

4187 .943 20 se) 7 2 I 

4IQI.595 15 9 6 I Ii 

4195 .492 5 I oe ae V 

4196.372 4 I ae em IV 

4198.494 20 Io 7 I Til 

4198. 800 4n ibe G ete Vv 

4199. 267 20 7 B Dre Iil 
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4245. 
4240. 
4247. 
4248. 
4250. 
4250. 
4258. 


4260. 
4267. 


422 
251 
591 
384 
287 
945 
477 


640 
122 
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TABLE I—Continued 


FURNACE 
Arc j Crass 
High Temp. per Low Temp. 
it 9 8 4 IA 
3n as we Vv 
30 18 12 9 II 
10 3 I Til 
3 12 12 8 IA 
4 the, ae 56 Vv 
3n af Bs V 
I5 8 4 Abe III 
5 2 ae IV 
2 I - = IV 
8 Io 12 8 IB 
7” I ate ie V 
I2 2 I ro IV 
4 I an IV 
12 8 4 cExs III 
6n I nit ae V 
3n a Ae Vv 
6n I Ae Vv 
3 ers fg Vv 
3 Abe Ae Vv 
30 5 3 Til 
I 8 7 3 IA 
18 9 6 I Til 
25 ae) 8 2 II 
4 Abies sé V 
ron 2 I IV 
3 ii ae IV 
2 3 2 IB? 
6 3 2 I II 
3 ae a V 
12 3 2 ie Til 
4 ake. ae V 
25 ake) 5 I Ill 
25 15 12 8 II 
2 ate) 8 6 IA 
35 I5 Io 2 Til 
3 I she me IV 
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REMARKS 


May be partly Cr 


Always faint. Would 


probably show at 
low temperature 
with long expo- 
sure 


Probably chiefly if 


not wholly due to 
Fe. A weak Mn 
line is given by 
Hasselberg at 
4258.48 which ap- 
pears faintly in 
Mn furnace but 
may be due to Fe 
which is present 
when Mn is used 
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TABLE I—Continued 


FURNACE 
(Rewenns ARc * . Crass REMARKS 
High Temp. sce Low Temp. 

4267.985 iS T Ae V 

4268.15 2 Ae Ge IV 

4271.325 20 to 5 2 III 

4271 .934 35 20 15 me II 

4282.565 12 Io 7 3 IB 

4285 .605 3 I es; IV 

4291.630 4 ae) 10 8 IA 

4204. 301 15 I2 12 6 IB 

4299.410 18 5 2 II 

4305. 014 3 Tr ae IV 

4308 .081 35 20 15 Io II 

4300. 541 4 I IV 

4315.262 Io 8 6 I It 

4325 .939 35 20 I5 Io II 

4327-274 3 yy 

4337-216 IO Io 9 4 IB 

4351.71f 3 oF Vv 

4352.908 9 8 8 2 IB 

4358.670 3 Abr, se IV 

4367.749 5 abr: a Vv 

4368 .071 2 4 2 I IA 

4369 .941 7 3 I Til 

4376.107 9 15 15 10 IB |Wider in proportion 
to density than 
4415. 203 

4383 .720 457 30 20 I2 Il 

4388 .057 2 rc re x IV 

4388.571 4n Aire IV 

4389 .413 2 Io 8 5 IA 

4391.123 4 dre IV 

4404.927 30 20 15 9 IT 

4407 .871 5 Me ig Au. III? {Allowance made for 
blend with V 

4408. 582 6 4 ? Aly II? |Blended with V ex- 
cept on one plate 

4415. 293 20 15 I2 7 II 

4422.741 6 2 I be IV 

4427 .482 ro T2 12 9 IB Wider in proportion 
to density than 
4415. 203 

4430.785 6 4 2 I I 

4433-390 3n ar he oe IV 

4435-321 2 Io 8 6 IA Just resolved from 
Ca 

4442.510 12 9 5 t Til 

4443 .365 7 2 Pers IV 

4447 .892 9 8 5 2 II 

4454.552 5 2 I Til 

4459. 301 Io 8 4 2 II 

4461 .818 8 I2 I2 Io IB 

4466.727 i 12 Io 6 IB 
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TABLE I—Continued 


FURNACE 
r Arc we wecCrAss REMARKS 
oN 2 High Temp. eee Low Temp. 

ul 545 5n I ie * ne 

; 10 - 

ee bee t Not fully resolved 
on most plates. 
4482.338 seems 
about 4 _ times 

4482 . 338 4 15 15 10 IB strength of 4482. 

4482. 438 6 438. In arc 4482. 
338 behaves asIA 
line and 4482.438 
as IB 

84.302 4. ze koe = V 

48s .QII 3 12 12 8 IA 

4494. 738 12 9 5 2 Il : : 

4525-314 5m I IV? ee line may_be 

4528.708 18 12 9 3 II 

4531.327 8 Bie) 7 4 IB 

4548.024 4 ia nt sis Vv 

4550. 300 4n a ee Se V 

4592.840 5 8 6 2 IB 

4603 .126 9 10? (org 4? IB? |Furnace line may be 
largely Li 

4607 .837 3n se ai Pe Vv 

4611. 469 5n 2 I a IIT 

4613 . 386 2n ae tc Ss V 

4619.468 3n ty ae a IV 

4625.227 3 ca Pe i IV 

4633 .100 2 5 3 we Jl? |Weak in arc for 
Class III 

4637 .685 te IV 

4638.193 3 be IV 

4647.617 6 ze I IV 

Not fully resolved. 

4654.672 5 ? ? I lili? 4654.672 blends 

4654.800 5 Se a ts V with fluting line at 
high temperature 

4667 .626 6 Vv 

4668. 243 6 ae IV 

4679.027 UE as V 

4691 .602 6 4 IV 

4707-457 8 / IV 

4710.471 rs tS IV 

4727 .582 3n * IV 

4728. 732 3n s IV 

4733-779 4 s 4 I IB? 

4730.963 12 z s 2? Il? {Blend with head of 
C band and inten- 
sity doubtful 

4741.718 3 ee 2, = V 


* Occurrence uncertain on account of strong carbon bands at high temperature, but Fe lines are 
weak in furnace, if present at all. Provisionally placed in Class IV. 
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TABLE I—Continued 


A 
(ROWLAND) 


4745- 
4768. 
4773- 
4787. 


4789. 
4859. 
4871 


4872. 
4878. 
4885. 
4890. 
48o1. 
4903. 
4919. 
4920. 
4924. 
4938. 
4939. 
4940. 
4957- 


4957- 


4966. 
4973- 
4978. 
4982. 
4983. 
4984. 
4985. 
4985. 
4994. 
5002. 
5005. 
5006. 
5012. 
5015. 
5022. 
5027. 
5028. 
5041. 
5041. 


5050. 
5051. 
5065. 


992 
595 


003 


840 


S12 


332 
497 


683 
502 
174 


956 
907 


207 


High Témp. Mee 


ROH: 


Pa, 
STS ech A 10 


I2 
Io 


FURNACE 


> Cn 


um 
mp. Low Temp. 


ws] 


Hed dHdddadccd 
= 


$3555 


‘eh 
ailee) 


REMARKS 


Furnace line may be 
V 


Furnace line may be 
slightly affected 
by V blend 


Blend with Ca prob- 
ably has little ef- 
fect on furnace 
intensity 


Concealed by C if 
present 
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TABLE I—Continued 


FURNACE 
A pens 

Arc ; Crass 
ey High Temp. pee Low Temp. 
5068.944 ike) te ar ae Vv 
5074.932 ION” Te ee we Vv 
5079. 409 6 3 Are Se IV 
5079 .921 4 6? 4 2 IB 
5083.518 4 to? 7 4 IB 
5098. 885 8 4 AD Bs IV 
5107.619 6 4 8 2 IB 
5107 .823 8 3 2 I II 
5110.574 TOW 8? ie) Is IB 
5123.899 6 9? 5 3 IB 
5125.300 6n ae es fs V 
5127.533 5 8? 4 2 IB 
5133.870 20 ? + Be Vv 
5137.558 6n ae a Vv 
5130.427 Io 4? ae IV 
5139.6044 20 4? Abie ae IV 
5143.11 6 5 4 3 IB 
5151.020 6 5 4 2 IB 
5152.087 4 6? B I IB 
5162.449 Ion ? a IV? 
5166.454 4 8 8 Io IA 
5167.678 40 r2 9 7 II 
5169.069 4 8 8 Io IA 
5171.778 20 Io 6 3 If 
5191.629 20 4 IV 
5192.523 30 5 Lie oe IV 
SLOSS Aa Us ne) 9 5 2 IB 
5198.888 4 2 AS ae IV 
5202.439 8 4 i IV 


REMARKS 


Blend with C at high 
temperature 

Blend with C at high 
temperature 


Blend on some plates 
makes estimates 
difficult 

Remarkably strong 
at low tempera- 
ture. Blend with 
C at high tempera- 


ture 
Blend with C at 
high temperature 


Blend with C at 
high temperature 

Blend with C. Very 
weak if present 


Blend with C at 
high temperature 
Blend with C at 
high temperature 


Blend with C at 
high temperature 

Blend with C at 
high temperature. 
Probably present, 
but weak 

Blend with weak Cr 
line which prob- 
ably has little ef- 
fect 
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TABLE I—Continued 


FURNACE 
oes Arc j Crass REMARKS 
High Temp. Nec Low Temp. 

5204.768 2 6? 6? pie IA {Blend with Cr 5204. 
680, the probable 
intensity of which 
is subtracted 

5208.77 7 2 IV 

Rork eens 6 2 IV 

5216.437 10 6 3 I II 

§217-552 5 I \W 

5225.095 I 6 5 5 IA 

5227.043 15 2 cs IV 

5227.362 40 12 Io 6 II 

$239.0390 Su I ae V 

S233. 122 40 bp 2 Abe, Til 

5242.658 4 I ae IV 

5247.220 I 5 6 5 IA 

5250.385 I iS 6 5 IA 

5250.817 6 3 40 om IV 

§255.121 I 8 8 6 IA 

5263.486 8 I Ne Vv 

5266.738 30 5 I IV 

5269.723 60 25R 20 20 IB 

5270.558 30 12 Io 5 II 

5273-558 4 I IV 

5281.9071 Io IV 

5283 .802 18 Be IV Furnace line may be 
partly Zz 

5302.480 Be) i es a: V 

5307-541 2 3 I lil? |Difficult to classify. 
Arc intensity low 
for Class III 

5324.373 30 6 I ers IV 

5328.236 50 257 20 20 IB 

5328.696 I5 12 Io 3 va ac ef ai 

08 2 I f trengthens rapidly 
seis : 3 for Class IB 

5340.12 12 2 Re ats v 

5341 .213 20 Io 8 ® II 

5305.069 15” ar a ee W 

5365. 596 3 Tr v 

5307.069 20n I Vv 

5370.166 25n I ue oe V 

537. 734 50 25 20 20 IB 

5383-578 35n 2 fe a V 

5393-375 10 3 Tr. . IV 

5307-344 40 20 18 18 IB 

5404.357 30 2 ae ie V 

5405 .989 40 20 18 18 IB 

5411.124 I5n fcr Vv 

5415 .416 350 2 Vi 

5424.290 45” 3 oe a Vv 

5429.Q1I 40 20 18 18 IB 
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TABLE I—Continued 
FURNACE 
* Arc Crass REMARKS 

Ce High Temp. ee Low Temp. 

5434-740 30 18 15 15 IB 

5445.250 15” slr en ae Vv 

5447.130 40 20 18 18 IB 

5455-834 40 20 18 18 IB 

5463 .404 Ion 3% an eS Vv 

5470.778 se) 3 ne ae IV 

5497-735 TS 1S aa 5 IB ) \compare with other 

5501.68 I2 12 IO 4 IB a 3 

pre pis 18 18 oe 6 IB IB lines to violet 

5555-122 4 we ae = Vv 

5503-824 3 ‘ Vv 

5505-931 4 i vi 

5569 .848 20 4? IV Blend with C at 
high temperature 

5573-075 30 bie IV Blend with C at 
high temperature 

5570.320 Io 2p IV Blend with C at 
high temperature 

5586.901 40 6 Aue IV 

5598. 524 4 ? IV? |Blend with C at 
high temperature 

5603 .186 Io Dife IV Blend with C at 
high temperature 

5615.877 50 8 I IV 

5624.769 aie) 3? IV Blend with C at 
high temperature. 
May be affected 
by V blend 

5638. 488 3 Vv 

5655-715 4 2 Vv 

5659.052 Io 3 IV 

5662.744 6 I V 

5701.772 7 5 III? |Would be expected 
to show at moder- 
ate temperature 
on strong plates 

5709.601 Io g IV 

5753-344 5 + Vv 

5763.218 Io ‘Er: V 

5859 .809 5 ae V 

5862.582 8 Bie V 

5884.028 4 Ey Vv 

5905 .895 3n . Vv 

5914-335 8 . Vv 

5930.406 8 a V 

5034.881 5 es V 

5952-943 3 -- Vv 

5975-575 4 + Vv 

5977 .007 5 . Vv 

5983 .908 6 ane V 

5985.040 8 2 IV 
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TABLE I—Continued 


FURNACE 
Roun ARC aeesne Crass REMARKS 
High Temp. Temp. Low Temp. 

5987. 290 6 Vv 

6003 . 239 8 V 

6008. 785 fe) V 

6020. 401 ron Vv 

6024. 281 15 Vv 

6027.274 4 Vv 

6042.315 2 W 

6056.227 4 V 

6065. 709 15 7 4 IOGT 

6078.710 4n es Vv 

6102. 392 5 ae V 

6103.400 3 - Vv 

6136.8209 20 Io 6 Til 

6137.015 18 4 3 Ii 

6141.938 4 ne W 

6157-945 4 NV 

6170.730 4n are a Vv 

6173-553 3 3? I III Blend with C at 
high temperature 

6191.770 | 20 ae) 7 I II Weak at low temper- 
ature for Class II 

6200. 527 4 I ne IV 

6213.644 5 4 2 100 

6219.404 6 5 2 =e III 

6230.943 25 12 8 ies III =|Blend with V which 
probably has little 
effect 

6232.856 5 xs a Vv 

6246.535 15 I ae Vv 

6252.773 20 9 5 Til 

6254.456 6 4 2 Til 

6256.572 4 Z I Til 

6265.348 6 5 3 int 

6280.833 2 9 UT 3 IA 

6291.184 3n ae sng Be V 

62098 .007 5 4 D me III 

6301.718 I5 2 ee ee IV 

6302.709 6 oe - W 

6318. 230 IO if 3 ae Til 

6322.907 5 2 I a Hel 

6335-554 Io 8 4 e Il 

6337-048 I2 I te Vv 

6344.371 2 I ‘bre ar Til 

6355.246 4 2 I ay Til 

6358. 898 3 9 7 3 IA 

6380.958 3 oe ye Vv 

6393 .820 I5 12 8 Ase Til 

6400. 217 25 4 2 ae Til 

6408 . 233 8 ae ss Vv 

6411 .865 12 2 I IV 

6420. 169 5” Vv 
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TABLE I—Continued 
FURNACE 
: Arc Crass REMARKS 
(ROWLAND) High Temp. SS Low Feng. 
6421.570 Be) 8 5 Ws Til 
6431.066 Io ste) 7 ADRs Til : 
6462.965 5 ? ? ? ? /Occurrence in  fur- 
nace uncertain on 
account of blend 
with low tempera- 
ture Ca line 
6469 .408 2 oy i : Vv 
6475 .846 B I ee : IV 
6482.098 4 I ais me IV 
6495. 213 25 I5 IO 2 II 
6546.479 10 7 3 ; It 
6569. 460 5 ys aa Vv 
6575-270 2 se a V 
6503.16 IO 6 2 Ill 
6504.121 4 3 ae IV 
6609 . 360 4 Zz ie IV 
6633.905 7m ahs oe Vv 
6663.701 8 4 we IV 
6678.235 12 9 B Til 
6750.407 6 3 se IV 
6828.850 4 ah Vv 
6841. 598 4 af Vv 
6843 .913 4 ; Vv 
6855.410 5 ea V 
6945-477 4 2 IV 
6979.120 3 I IV 
These lines are really 
stronger than in- 
7187.645 5 V dicated, as plate 
7207.715 3 V loses sensitiveness 


rapidly in this re- 
gion 


DISCUSSION OF THE CLASSIFICATION 


An examination of Table I shows a considerable variety as to 
the rate of growth among lines placed in the same class; but there 
is little to be gained by increasing the number of classes to cover 
There appears in all classes to be a continuous 
change in the intensities of furnace lines with temperature, the 
several classes being distinguished by the rate of change shown 
by each. As the scale has been arranged in Table I, the low- 
temperature lines of Classes IA and IB strengthen slowly or 
remain nearly the same for the three temperatures. As a rule, 
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these variations. 
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there is little difference between medium and high temperature 
for these lines. If the intensities of Class II lines had been graded 
so as to show approximate equality for the three temperatures, 
the lines of Classes IA and IB would have shown a gradual 
weakening as the temperature rises. This point of view, however, 
does not seem to me to represent the true state of affairs as well 
as that adopted in the arrangement of Table I, which shows the 
Class II lines rapidly increasing in strength while the lines of 
Classes I A and IB about hold their own. Class II and Class III 
lines usually show a regular change of intensity with temperature, 
but many variations occur in the rate of change for individual 
lines. 

If we regard the arc conditions as equivalent to a higher- 
temperature stage than that of the furnace, it is necessary to assume 
that large changes may occur in the temperature interval separat- 
ing the two sources, and of very different magnitudes for different 
lines. However, lines in the same class, when near together in 
the spectrum so that the intensities were estimated from the same 
set of plates, show a fair degree of correspondence between the 
rate of change in the furnace and that for the interval between 
furnace and arc. This is best seen for lines in Classes II and III. 
So that, making allowance for difficulties in forming a concordant 
scale of intensities for arc and furnace lines, it may be said that 
if each class maintains the rate of change which it shows through 
the temperature range of the furnace observations (about 800”), 
it would be expected to reach an arc intensity of the order of that 
observed. 

To account for the behavior of Class IA lines on the basis 
of a continuous change with temperature, we must adopt a scale 
of gradation such that these lines will diminish in intensity through 
the furnace range if they are to reach the weakness shown in the 
arc, where many of them, such as AA 4258.477, 5225.695, and 
5255.121, can only be given an intensity comparable with the 
furnace line by exposures of the arc so long as to give very high 
intensities to the lines of other classes. As compared with the rest 
of the spectrum, the arc is certainly at a great disadvantage in 
producing these lines. It is an interesting question whether the 
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furnace would show them relatively as weak if it could be brought 
to the temperature of the arc. Judging from the way the lines 
of Class I A maintain their strength through the range of furnace 
temperatures which has been produced, this seems unlikely. 
With two or three exceptions, the lines of Class I A have not been 
considered in investigations on the variation of arc and spark 
lines, doubtless because of their faintness in these sources. Their 
appearance in the flame and core of the arc is important and will 
be described later in this paper. 

The high furnace temperature required to give the red end of 
the spectrum is noteworthy. The low intensity of the red lines 
is due in part to the decreased sensitiveness of the plates for this 
region, but very long exposures with both the large and small 
spectrographs have failed to give any red lines of iron at low 
temperature, except traces of the strongest arc lines and the two 
lines AA 6280.833 and 6358.898 belonging to Class IA. At 
medium and high temperatures a large number of red lines were 
obtained. This behavior has placed almost all of these lines in 
classes not lower than III. The relative ease with which the blue 
end of the spectrum appears shows that the emission of the line 
spectrum does not follow closely the laws for an incandescent 
solid. This was well shown in a two-hour exposure with the very 
bright 1-meter concave grating, a bathed film being used. The 
furnace temperature measured about 1800° C. The exposure was 
so long that the weak continuous spectrum given by the vapor 
(probably largely through light from the wall of the tube reflected 
by the vapor particles) was able to impress itself on the plate 
distinctly in the red and orange. Iron lines were almost entirely 
lacking for this region, while they were plentiful in the blue where 
the continuous spectrum was very weak. This behavior, however, 
does not present an exception to any known law of spectral dis- 
tribution, since no series have been recognized among iron lines, 
and a resemblance to the intensity gradations for an incandescent 
solid can be expected only for lines thus related. 

Other notable groups of strong arc lines which are given only 
at the higher furnace temperatures occur at A 4860 to A 4060 and 
45570 to 45625. The “nebulous” lines, indicated by m in con- 
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nection with the arc intensity, are among the most difficult to 
obtain in the furnace. Some of the best examples occur between 
4 5360 and A 5460. By long exposure at high temperature it was 
possible to obtain all of these distinctly, so that probably similar 
lines throughout the spectrum can be obtained under the same 
conditions. They usually belong clearly in Class V. 


LINES WHICH MAY BE USED AS CRITERIA OF TEMPERATURE 
CONDITIONS 

In sources for which a difference in temperature is considered 
to have a large part in the observed variations in the spectrum, 
a comparison of the intensities of lines near together which show 
a very different behavior in the furnace will usually show, in a 
general way at least, how the temperatures of the sources are 
related. Many pairs and groups of lines in Table I may be used 
in this way, but the following (Table II, p. 30) are suggested as 
especially suitable. The two lines in each case show a decided 
difference, both as to the temperature at which they appear and 
the rate of their change. 

Some of the pairs in Table II are especially useful in deciding 
whether a given source more nearly resembles the arc or the furnace. 
Cases in which a Class I A line is paired with a line of Class II or 
Class III are favorable for this purpose. The behavior of the 
three lines AA 5498, 5502, 5507 as compared with the strong IB 
lines from A 5456 to A 5269 is peculiar. These three lines are weak 
at low temperature but increase rapidly in the interval covered 
by the three furnace temperatures. The other IB lines in this 
region are strong at low temperature and increase slowly, but 
show a much greater increase in the interval between furnace and 
arc than is shown by the group of three, which would seem to 
belong in a class between Classes IB and II. If it were not for 
their relatively low intensity in the arc, the three lines would 
belong clearly in Class II. 4 5333.089 shows a very similar 
behavior in furnace and arc. 


PRELIMINARY ACCOUNT OF THE ULTRA-VIOLET FURNACE SPECTRUM 


A set of furnace photographs of the ultra-violet for which the 
iron arc spectrum reaches as far as A 2300 has been made with the 
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1-meter concave grating already described. In most respects these 
are very satisfactory, but as a concave grating spectrograph of 
15 ft. radius is under construction, it will be desirable to supplement 
them by large-scale photographs covering at least the portion where 
lines are most numerous in order to reduce the uncertainties as to 


TABLE II 


NEIGHBORING Lines Watch ARE DIFFERENTLY AFFECTED IN THE FURNACE 


A Class A Class 

BOSOMIO2 at era Aa a roeere any « iil 4459-301... ee ee ee eee i 

BOERS Leer. eeestene ene mre Vv 4400. 819.5 eee oe eee IB 
BQ00R2T 2s ene REeCoANL ate II 4480-01 Linen tance renee IA 
20007 Stuer neice IV AAQARTSS sana aes II 

ALOO< OO Avan ote a avers IA AS23270 Sear ee eine II 

ALOT AOAQI ERE aa nee iil AS 2327s ee eae IB 
ADT TSO Ssteerate ci jebecnelaiey one IA AQLOS P7AV Sar nee ste Il 
ATOUAG LOM ieee: Saree et: ED 4030). 808. ogee eterno IB 
AEOQ 20 Fan rom nererete amen ete III SO5O)000. sre ee enor iil 
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blends and show more clearly the character of the lines. As the 

small spectrograph is adjusted, the second order can be followed 

from 4 4000 to about A 2800, from which point the greater strength 
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of the first order is an advantage for the very short wave-lengths. 
The scale in the second order being 8.5 A per mm and the definition 
very sharp, the spectrum can be examined to good advantage under 
the microscope of a rieasuring machine with fairly high power. 
The resolving power of the grating is sufficient to separate sharp 
lines at 2 2800 which are 0.15 A apart. While postponing the 
detailed publication of the ultra-violet spectrum, a few of the lead- 
ing features may be given here. 

At high temperature, the line of shortest wave-length thus far 
photographed has been 4 2463. At medium temperature, pro- 
longed exposures have yielded lines beginning at A 2706; while the 
lower furnace temperature has thus far failed to show any lines 
of wave-length less than A 3440. These limits are interesting as 
showing the gradual extension into the ultra-violet with increasing 
temperature. As absolute limits for a given temperature, they 
would probably be modified somewhat by a quartz prism apparatus 
or by a grating reflecting the short waves more strongly. Photo- 
graphic emulsions more sensitive to this region would also give an 
extension if the furnace vapor does not absolutely cease to radiate 
at the limits observed. At the highest temperatures I have sus- 
pected that absorption by the vapor in the furnace tube may act in 
shortening the ultra-violet spectrum. The generation of vapors of 
all kinds, including those from carbon and the tube impurities is 
then very vigorous and the extension toward shorter wave-lengths 
has varied for different runs of the furnace made at approximately 
the same high temperature. For medium and low temperatures 
the results in this regard have been more consistent. ‘This feature 
makes more difficult the comparison of temperatures between the 
furnace and any other source, based on the extension into the 
ultra-violet. 

The classification adopted in Table I would have a different 
meaning if applied to the extreme ultra-violet, since there is an 
actual discontinuance the spectrum of at certain points according 
to the temperature employed. Thus the lines below 4 2700 
would go into Classes IV and V, with a large addition of Class V 
lines which are given only in the arc for this region. From A 2700 
to A 3440 numerous Class III lines would enter the list, while from 
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4 3440 into and through the visible region all of the classes would 
appear. 

It was found when a graphite plug was placed in the middle 
of the furnace tube and the furnace heated to different temperatures 
that the extension of the continuous spectrum into the ultra- 
violet for each temperature varied in a way closely corresponding 
to that of the line spectrum; but when such continuous spectra 
were taken on the same film at low, medium, and high temperatures 
each of them reached at least 300 A farther than it has been possible 
to obtain lines at the same temperature, even with much longer 
exposures than were used for the continuous spectra. The furnace 
tube with a plug at its center obviously approximates black-body 
conditions, and the inference is that the radiation of a black body 
is stronger than the emission of a line spectrum at the same tem- 
perature. Some experiments in which the furnace was charged 
with metallic calcium containing as impurities several other ele- 
ments of low melting-points showed the same relation. As far 
as experiments have proceeded, the furnace never gives a bright 
line as far to the violet as the continuous spectrum from a plugged 
tube will easily extend at the same temperature. 


A COMPARISON OF THE INTENSITY VARIATION SHOWN BY 
THE CORE AND THE FLAME OF THE IRON ARC 


In the earlier work done at this observatory on the spectra of 
sun-spots," the relative intensities of lines given by the core and 
by the outer envelope of the arc were compared and ascribed in 
the main to temperature differences. Some experiments at that 
time with a furnace of Moissan type in which a carbon tube con- 
taining iron was heated by an arc playing over its outer wall gave 
spectra resembling that of the outer arc vapors. The material 
obtained in the present work for a variety of furnace temperatures 
offered a means of testing the validity of the hypothesis as to the 
relative temperatures of arc vapors. A series of large-scale photo- 
graphs was made with the image of the arc focused so as to give 
its cross-section on a long slit. The arc could be made to burn 

*Hale, Adams, and Gale, Contributions from the Mount Wilson Solar Observatory, 
No. 11; Astrophysical Journal, 24, 185, 1906. 
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very steadily, the greenish core showing at the middle of the slit, 
while the flame vapors, gradually decreasing in luminosity, spread 
toward the end. The spectrum photographed records the intensity 
of each line as given by the vapor in a horizontal plane through 
the arc, about midway between the poles. The arc lines then 
show the following characteristics: 

t. The line is always most intense at its middle, where the 
radiation is given by two thicknesses of flame vapor, together 
with that of the core. From this point the line narrows, but at 
a rate which differs for different lines. The “short and long line”’ 
classification of Lockyer is based on this characteristic. 

2. The ability of the cooler vapors of the flame to give a certain 
line is registered by the strength of the extensions from the center. 
This varies greatly for different lines and in general the distance 
from the center to which a line extends and the rate at which it 
strengthens from the end toward the center resemble, respectively, 
the stage of temperature at which a line appears in the electric 
furnace and the rapidity of its increase in strength with temperature. 

This relation is shown in Fig. 1, the lower part of which repre- 
sents by the shaded rectangles the relative strengths of the several 
classes at low, medium, and high temperature, while the upper 
portion gives sketches of typical lines of each class showing one- 
half of the line when the cross-section of the arc is projected on the 
slit in the manner described. The broken horizontal lines in the 
upper portion inclose parts of the spectrum line which may be 
considered as appearing in the core (reinforced by the superposed 
flame in the line of sight) and in the inner and outer portions of the 
flame vapors respectively. Photographs which give lines similar 
to those in this figure have been made by placing fine wires across 
the slit at the proper intervals. 

Taking the several classes in turn, the I A lines are always 
weak in the arc, but they run some distance into the flame without 
much diminution of intensity. Judging from their appearance, 
very little of their strength is given by the central core of the arc. 
They do not, however, appear in the outermost vapors of the 
flame, as do the lines of Classes I B and II, the arc differing mate- 
rially from the furnace in this respect. The furnace sometimes 
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shows a I A line very similar at all temperatures to a neighboring 
1B line, while the latter is far stronger in the arc. Examples are 
AA 4291 .630 and 4294. 301, also AA 4489.911 and 4466. 727. 

Lines of Class I B and the stronger ones of Class II run farthest 
into the flame vapors but show a decided contrast in the way in 


Furnace 
[OT 


SES 


é 


Fic. 1.—Comparison of relative intensities of furnace lines with the intensities 
of lines produced by different parts of the arc. 


which they thicken as they approach the core. Adjacent lines of 

Classes I B and II may extend the same distance into the flame, but 

the Class II lines will often be two or three times as strong as the 

other at the core. 4A 4415.293 and 4427.482 are good examples 

and there are many similar ones. This behavior in the arc 
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corresponds closely with that in the furnace, both being low- 
temperature lines as regards initial appearance, but the IB lines 
being relatively strong at low temperature. 

Class III lines do fot extend as far into the flame as those 
of Classes IB and II, but strengthen more rapidly toward the 
core. This condition becomes more pronounced for Classes IV 
and V, strong lines of the latter being very wide in the core and 
showing little extension into the flame. Good examples are 
AA 5383.578, 5415.416, and others in that region. 

Taken as a whole, it is found that an iron-arc spectrum produced 
by a plane grating in this way shows that the lines divide into 
classes according to their rate of growth in intensity as we pass 
from flame to core, in much the same way as they have been 
classified as to their rate of strengthening at various furnace 
temperatures. This agreement is only qualitative. There are 
many differences in detail for lines other than those of Class I A, 
and only the furnace is available if the spectrum resulting from a 
measured temperature is desired. However, the furnace results 
indicate that the changes in relative intensity of lines observed 
in passing from the outer vapors to the core of the arc are due 
largely to temperature differences. 

If the melting and boiling points of iron are taken as 1500° C 
and 2450° C respectively, it is evident from the furnace results that 
iron vapor can be made to radiate much below the boiling-point. 
Since the highest furnace temperature is above the boiling-point of 
iron, the arc should give a spectrum similar to that of the furnace 
if the metal were simply boiling in the arc. We find, however, 
that to produce the arc spectrum would require the equivalent of 
a much higher temperature than is given by the furnace.. Experi- 
mental evidence is lacking as to the exact nature of this difference 
between furnace and arc conditions, but it would seem that it is 
to be attributed mainly to the high electronic speeds given by the 
arc discharge. 

Another point of interest is the fact that there appears to be 
little reason to ascribe the high intensity of Class I B and Class I 
lines in the flame of the arc to chemical action, especially to the 
increased oxidation to be expected in the flame vapors. In the 
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furnace such chemical action as there is may be expected to increase 
with the temperature, and it is the low-temperature spectrum, 
presumably with minimum chemical action, which resembles most 
closely that given by the outer vapors of the arc. In fact, the 
material at hand indicates that relative changes in the spectrum 
do not result in any large degree from increase of oxidation. In 
the recent investigation of pressure effects’ a set of furnace photo- 
graphs was made for the blue and green-yellow regions of iron at 
atmospheric pressure and in compressed air up to 24 atmospheres. 
The brightness of the lines greatly increased, the radiation becoming 
stronger from end to end of the tube, as was evidenced by the 
general widening and the larger number of reversals; but no select- 
ive action, such as the bringing-out of some lines and the suppres- 
sion of others, was to be seen, the nearest approach to the latter 
effect being for some high-temperature lines which did not reverse 
but were rendered very broad and hazy by pressure, so that unless 
the plates were strongly exposed such lines appeared greatly 
weakened. At atmospheric pressure, the spectrum is so closely 
similar to that in a partial vacuum, as regards relative intensity 
of lines, that the probability of oxidation playing an important 
part in the modification of a line spectrum, aside from general 
increase of intensity, seems very small. 


COMPARISON WITH THE SPARK SPECTRUM 


The evidence offered by the furnace is in agreement with the 
general phenomena of the arc and spark to the effect that the lines 
which are stronger in the spark than in the arc require a very high 
temperature or other abnormally violent excitation to bring them 
out. With one exception, all of the enhanced lines of iron listed 
by Lockyer® are entirely lacking in the furnace spectra. Only 
A 3935.965 appears at high temperature, and this may be a barium 
line agreeing closely in wave-length which would be expected to 
show in the furnace. Most of the enhanced lines of iron are very 
faint in the arc, but the condition as to the weakness or absence of 


* Contributions from the Mount Wilson Solar Observatory, No. 60; Astrophysical 
Journal, 35, 183, 1912. 


2“ Tables of Wave-Lengths of Enhanced Lines,” Solar Physics Committee, 1906. 
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such lines in the furnace spectrum holds for other elements such as 
titanium, many of whose enhanced lines are strong in the arc. 

A comparison with iron spark spectra made in this laboratory 
shows that the lines of Class I A, while present in the condensed 
spark, are produced with somewhat greater difficulty than in the 
arc, as would be expected from the general relations of arc and 
spark spectra. The connection of temperature changes in line 
intensities with those resulting from the use of self-induction with 
the spark will be made the subject of a later study. 


COMPARISON WITH THE FLAME SPECTRUM 


The investigations of Hemsalech and de Watteville have 
furnished material sufficient to establish the general character of 
flame spectra in reference to that of the furnace, though complete 
lists of lines for some of the flames have not been published. The 
flame lines given by de Watteville’ as occurring in the outer vapors 
and those appearing at the boundary of the cone of a special 
air-coalgas flame correspond closely to the furnace spectra at low 
and medium temperatures respectively. The flame spectrum 
obtained by de Watteville extends farther into the ultra-violet 
than I have been able to photograph with the furnace, but his use 
of a quartz prism spectrograph for the flame may largely account 
for this, as comparisons of the extension into the ultra-violet are 
valid only when the same optical system is used. The possible 
absorption of short waves by the furnace vapors previously referred 
to may also affect this comparison with the flame. The list of 
flame lines does not include those which I have placed in Class 1 A 
for the furnace, with the exception of A 4489.911. This would be 
remarkable were it not that de Watteville clearly omitted lines of 
this character which were relatively weak in the self-induction 
spark used by him for identification of the iron lines. 

In an improved form of apparatus in which the iron vapor was 
generated by an arc in a closed chamber and then mixed with the 
gas which passed to the flame, Hemsalech and de Watteville’ 


t Philosophical Transactions, A, 204, 139, 1904. 
2 Comptes Rendus, 146, 859, 1908. 
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observed that an air-coalgas flame gave next to the cone a supple- 
mentary spectrum which did not appear in the hotter flames 
produced by combinations of oxygen with coalgas, air with hydro- 
gen, and oxygen with hydrogen when used in the same apparatus. 
In a later paper' they noted that this “supplementary spectrum”’ 
contained a large number of lines in the ultra-violet which are 
given most strongly near the poles of the iron arc, many of them 
being relatively stronger in the spark than in the arc. ‘These 
lines extend from A 2374 to A 3936. 

Some of these ‘‘polar’’ lines appear in the high temperature 
furnace, but most of them are below A 2700, in which region the 
furnace gives only the stronger arc lines. Recently the source 
named by the writer the ‘‘tube-arc’” has been operated. The 
furnace tube is allowed to burn through with a high vaporiza- 
tion of carbon and the arc thus formed around the periphery has 
been shown? in the case of titanium, to give the enhanced lines 
strongly predominating. The tube-arc spectrum of iron reaches 
a shorter wave-length than the furnace spectrum, lines as far as 
A 2327 having been photographed. Most of the polar lines noted 
by Hemsalech and de Watteville in the flame spectrum occur in 
the tube-arc, but I have not as yet been able to identify with 
certainty any of the enhanced lines of iron in the visible region. 
It thus appears that the polar lines in the ultra-violet do not require 
as strong excitation as do the enhanced lines of the visible spectrum, 
which is borne out by the fact that the former class of lines appear 
through the central region of the arc, though strongest close to the 
poles. 

As to why the supplementary spectrum containing the polar 
lines did not appear in the hotter flames, I would venture to suggest 
that the condition noted by Hemsalech and de Watteville in a 
later paper? may furnish the explanation, namely, that in the more 
intense flames the strong current of gas carries the particles of 
iron vapor through the region of highest temperature too rapidly 
for the temperature to exert its full effect, while the more quiet 

*Comples Rendus, 146, 1389, 1908. 


Contributions from the Mount Wilson Solar Observatory, No. 65; Astrophysical 
Journal, 3'7, 119, 1913. 
3 Comptes Rendus, 150, 320, 1910. 
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conditions of the Bunsen flame may permit such temperature as 
exists to be fully felt. In other words, iron vapor introduced into 
the oxyhydrogen flame by this method may not be heated to the 
same degree as a solid bédy would be on which the flame is allowed 
to play. 

The oxyhydrogen flame spectrum of iron, of which 118 lines 
from A 2483 to A 5372 are given by Hemsalech and de Watteville,: 
must be classed as a low-temperature spectrum. Without excep- 
tion, the lines in the visible portion belong in Class I B or Class II, 
whose strength at low temperature is characteristic. Many other 
lines should have appeared if the effective temperature of this 
flame had been as high as that for the medium-temperature furnace 
spectrum of Table I. 

A study by the same authors? of the iron spectrum given by 
the oxyacetylene flame showed that in addition to the lines of the 
oxyhydrogen flame a set of lines occurs which are characteristic 
of the cone of the Bunsen flame, though not so strong as in the 
latter. The furnace spectrum shows that nearly all of these lines 
are in either Class III or Class II. If in the latter class, they show 
a rapid increase from low to medium furnace temperature. The 
strong Class III lines near A 4900 are given in this set. This serves 
to place the oxyacetylene flame as corresponding to the furnace 
at the lower limit of the medium temperature. A conclusion 
equivalent to this was reached by Hemsalech and de Watteville 
by a comparison with the furnace results then at their disposal. 

The several flames may thus be placed in the following order 
of their effective temperatures in producing radiation from iron 
vapor, the temperatures given being those read for the furnace 
when it gives in the visible region a spectrum similar in the lines 
present and in general relative intensities to that of the correspond- 
ing flame spectrum. 


Flame Furnace Temperature 
Air-coalgas (outer vapors) ee Belowarsoon Gs 
Orvivdiosenn- =. stow. 2.0 «7 -Aboutii8oo° 
RESO ; About 2000° to 2100° 
Oxyacetylene 
(Nir-coalgas (cone) 4 =. + s--% « «About 22007 
 Ibid., 146, 962, 1908. 2 [bid., 150, 329, 1910. 
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Judging from the furnace spectra, the flame temperature need 
not be higher than 2200° to produce the spectrum shown by the 
cone of the Bunsen flame and it may be appreciably lower. Fur- 
nace temperatures of 2400° and over not only gave a spectrum much 
richer in lines than is given by the Bunsen cone, but those lines 
which show a rapid growth with temperature are relatively much 
stronger. The lines classed as IA in the furnace spectra would be 
of value as an index to these low temperatures, but they were 
omitted by Hemsalech and de Watteville. 

The difficulty remains to reconcile the above gradation of 
flames in the order of their spectroscopic efficiency with their 
relative temperatures as measured by melting-point tests. It 
seems at least plausible, however, that the explanation involves 
the mechanics of the flame gases, rather than the real thermal 
condition of each flame. 

There is not enough material at hand to test definitely whether 
a certain flame yields the same spectrum as that of the furnace 
at equal temperature, though in the visible spectrum at least the 
evidence points that way. The list of flame lines by de Watteville* 
contains no lines between A 3900 and A 5600 which do not occur 
in the furnace. The medium-temperature furnace spectrum 
(2100°-2300°) contains more lines than the flame, the high-tempera- 
ture furnace shows many more. Practically the same condition 
exists to about A 2700; while farther in the ultra-violet, each source 
shows a number of lines apparently not given by the other. A 
further investigation of the extreme ultra-violet is required to 
show whether the use of different spectrographs and possibly the 
presence of foreign substances in furnace or flame (the identifica- 
tion of lines in this region often being uncertain) may be responsible 
in any large degree for this difference. 


THE QUESTION OF TEMPERATURE RADIATION 


The later work with the furnace has given no ground to modify 
the view expressed by the writer at the close of a paper? published 
r Op. cit. 


? Contributions from the Mount Wilson Solar Observatory, No. 35; Astrophysical 
Journal, 29, 190, 1909. 


348 


VARIATION OF ELECTRIC FURNACE SPECTRUM 41 


over three years ago, in which it was pointed out that the furnace 
is not suited for crucial experiments as to the mechanism of the 
radiation, but that temperature is obviously the agent which sets 
this mechanism in operation and controls the observed variations 
in the furnace spectrum. 

The view appears to be gaining ground among spectroscopists 
that the emission of a line spectrum by temperature alone is 
possible and that quite probably it is given by the tube furnace, 
though definite proof of this cannot be claimed to have been offered. 
Opinions along this line have been clearly expressed in recent 
writings by Kayser’ and by Schuster.? The vital question is 
whether a part of the translatory energy of the molecules due to 
heat can be changed to the ‘internal energy”? which gives the 
emission of light. In this paper I wish to draw attention to several 
characteristics of furnace phenomena which bear more or less 
directly on the general problem. 

1. There is unquestionably strong ionization from the carbon 
tube at the temperatures employed. Recent experiments by 
Harker have shown this to be the case at atmospheric pressure, 
while its existence at low pressure is well known. 

2. Chemical reactions take place which are probably mainly of 
two kinds—combination with oxygen, the total exclusion of which 
is all but impossible even with the vacuum furnace, and the forma- 
tion of iron carbide. The residue of iron is always found sticking 
fast to the interior of the tube and appears to eat into the graphite, 
this being perhaps in part due to the porosity of the latter. 

3. The furnace radiation does not depend upon the existence 
of a potential difference. When the current is broken, the high- 
temperature lines gradually disappear, while some of the low- 
temperature iron lines have been observed 5 minutes, and the D 
lines of sodium 16 minutes after breaking the current. There is 
every reason to believe that if the tube could be as efficiently 
heated by a flame or other non-electrical source of heat, the radia- 
tion from the inclosed vapors would be the same as observed in 
these experiments. 

t Zeitschrift fiir wissenschaftliche Photographie, 8, 151, 1910. 

2 Article “‘Spectroscopy,”’ Encyclopaedia Britannica, 11th ed. 
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4. The increased oxidation due to the presence of air at, or much 
above, atmospheric pressure appears to have no distinct effect 
upon the spectrum for a given temperature aside from a general 
widening of the lines. 

s. Many experiments have shown that when the furnace tube 
is obstructed by a plug or other mass of solid matter so as to 
approach black-body conditions, the weaker lines are entirely 
concealed by the continuous spectrum and the stronger lines 
thrown into absorption, indicating that the black-body radiation 
is stronger than that of the metallic vapor for any given wave- 
length. 

SUMMARY 

The ground covered in this investigation may be summarized 
as follows: 

1. The relative intensities of iron lines in the visible spectrum 
have been given for three furnace temperatures and for the arc, 
with a division into six classes based on the temperature at which 
a line appears in the furnace and its rate of growth with increase 
of temperature. 

2. The changes in relative intensities of lines observed in passing 
from the furnace to the arc may in general be accounted for by a 
difference in conditions equivalent to a large temperature difference, 
though one class of furnace lines presents difficulties in establishing 
a clear relation of this kind. 

3. The red end of the iron spectrum appears to require high 
temperature for its production as compared to the blue region, and 
the distribution of lines through the visible spectrum bears little 
resemblance to the intensity gradation observed for the spectrum 
of an incandescent solid. 

4. A preliminary examination of the ultra-violet showed this 
region to be very rich in lines given by the furnace. The extension 
of the line spectrum toward shorter wave-length with increase of 
temperature was observed, it being found that lower limits were 
reached for a given temperature by the spectrum of an incandescent 
solid. 

5. A list is given of pairs of lines whose members belong in 
different classes as regard response to temperature changes and 
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may be used in estimating the relative temperatures of light 
sources. 

6. The increase in intensity of lines from the outer vapors into 
the core of an iron arc Was found usually to resemble the rate of 
growth shown by the same lines with rising furnace temperature. 
This renders it unlikely that chemical reactions in the outer vapors 
affect the relative intensity of arc lines in any large degree. 

7. The enhanced lines of iron in the visible region have not been 
observed in the furnace spectrum. 

8. A comparison with published data on flame spectra has shown 
how the various flames are probably related as to effective tem- 
peratures in producing radiation. Except perhaps in the ultra- 
violet, furnace spectra at low and medium temperatures are found 
to be very similar to those of the several flames. 

9. While presenting no definite proof that temperature ‘radia- 
tion in a strict sense takes place, the position of temperature as the 
exciting and regulating agent in furnace phenomena seems to be 
clear. 

Miss Sheldon of the Computing Division has rendered frequent 
assistance in this work, especially in the examination of plates for 
the ultra-violet spectrum. 


Mount WILSON SoLaR OBSERVATORY 
October 17, 1912 
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THE SPECTRA OF SPIRAL NEBULAE AND GLOBULAR 
STAR CLUSTERS 
THIRD PAPER 
By E. A. FATH 


Since the writing of the second paper’ a number of additional 
spectrograms have been obtained with the Mount Wilson 60-inch 
reflector. 

The spectrograph used was the same as before except for the last 
plate, taken in May 1912. For this a new spectrograph, mounted 
directly in the axis of the telescope, was available. The collimator 
lens of the new instrument has an effective aperture of 3.6 inches 
and a focal length of 18 inches. The prism is of UV flint, has an 
angle of 30 degrees, and will inciude the full beam. The camera lens 
has an aperture of 4 inches and a focal length of 8 inches. It isa 
special lens of portrait type made for the Yerkes Observatory and 
loaned for this investigation. For this courtesy the writer desires 
to express his great appreciation. There was no opportunity, at 
the time, to test the relative speed of the two spectrographs but it 
seems very probable that the new one has about twice the speed 
of the other. Lumiére “Sigma” plates were used throughout. 
The method of measurement of the spectrograms was the same as 
that employed before. . 


SPIRAL NEBULAE 


N.G.C. Dates of Exposure Total Exposure 
TODS ties 1910 Nov. 29, 30, Dec. 1, 2 20h4o™ 
LO23)aetateis oes Toit Oct. 19, 20, 21, 22 38 14 
Osteen ee ss Jan. 4, 5,6 22 30 
ASQARE tae Mar. 29, 30, 31, Apr. 1 17 03 
BBO etanisaere May 2 7 40 
AS 205g wiateies 1912 Feb. to, 11, 12 16 15 
TOA tio: 1911 Apr. 28, 29, 30, May 1 29 20 
TRIS Eee AEG Igo Aug. 27, 28 12 18 


* Contributions from the Mount Wilson Solar Observatory, No. 49; Astrophysical 
Journal, 33, 58, 1911. 
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Owing to a discontinuation of the observations, a description is 
given of a number of spectrograms which are underexposed, although 
the information to be derived from such plates is very meager. 

As before we shall consider the two classes of objects separately. 

N.G.C. 1023.—Absorption lines corresponding to F, 436H#, 
G, H, and K are present. The line at 436“ may be H,, but as it 
is about 2“ to the red of the H, position this identification does 
not appear probable. The grain of the plate having the longer 
exposure is exceedingly troublesome. The spectrum is very nar- 
row ineach case. The general appearance of the spectrum is similar 
to that of the sun. 

N.G.C. 3031.—This is a very good plate. In appearance it 
exactly resembles the spectrum of a K-type star. There are 
absorption lines at F, 454, 448, 440#, G, groups at 419 and 4o6 HE, 
Hyand K. 

N.G.C. 4594.—This negative is very weak. It is not safe to say 
more than that the color-curve indicates a spectrum of approxi- 
mately solar type. 

N.G.C. 4736.—As stated in the second paper, there is a differ- 
ence between the Mount Hamilton’ and the Mount Wilson plates 
obtained by the writer, the former being apparently somewhat out 
of focus while the latter is in good focus and shows absorption lines 
like the sun. Another plate was taken to check the two preceding. 
The definition of the third plate is not quite as good as in the first 
Mount Wilson plate and shows an appearance somewhat like the 
Mount Hamilton plate, namely, a broadening and slight intensifica- 
tion immediately to the red of H, at 406. Otherwise it agrees 
fully with the first Mount Wilson plate in showing the prominent 
solar lines. The latter plate, upon careful examination, also shows 
the effect at 406“ but by no means so prominently as the last. 
In order to bring out this brighter band it therefore seems neces- 
sary to suppress the absorption lines. 

N.G.C. 4826.—This plate is very weak. The color-curve is 
similar to that of a solar-type star. 

N.G.C. 5194.—The spectrum is weak in spite of an exposure of 
nearly 30 hours. The large mirror was in very poor condition at 

t Lick Observatory Bulletin, No. 149. 
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the time this exposure was made. This doubtless was the cause of 
the faintness of the spectrum. The color-curve is similar to that 
of a K-type star. Lines at G and H are certainly present. 

N.G.C. 7331.—The plate is underexposed. Lines correspond- 
ing to F, G, and H are found. Two other absorption lines are 
present, one on either side of G, but their position cannot be 
determined with any accuracy because of the faintness and narrow- 
ness of the spectrum. This plate agrees with the Mount Hamilton 
plate obtained in 1908 which shows lines at G and H. 

In the last four years the writer has investigated the spectra of 
eleven nebulae, V.G.C. 224, 650-1, 1023, 1068, 3031, 4594, 4725, 
4736, 4826, 5194, and 7331, of which all but 650-1 are certainly 
spiral. For the most part the spectra are either G- or K-types. In 
the case of some of the nebulae the spectrum obtained came largely 
from the nucleus, but this is certainly not the case with the great 
Andromeda nebulae in which a spectrum of solar type was obtained 
over a strip five minutes of arc in length. 

N.G.C. 1068 and 4736.—These are peculiar. The first shows 
bright nebular lines together with dark lines, although the type of 
absorption spectrum is not evident. In the case of the second there 
is increased radiation in the vicinity of 406 ## near the position of 
one of the bright lines in some of the Wolf-Rayet stars. These two 
cases are the only ones in the series of plates secured by the writer 
at Mount Hamilton and at Mount Wilson which give definite 
evidence of what may be termed “gaseous” radiation. In a 
paper' published when the present one was practically completed, 
Professor Max Wolf reports finding emission lines in a number of 
spiral nebulae, many of which correspond to emission lines in Wolf- 
Rayet stars. Though the writer’s plates show definite emission 
lines in but two cases, the two series cannot be considered contra- 
dictory. Wolf’s plates were on about double the scale (spectra 
6mm in length) of those here described, and apparently a finer- 
grained plate was used. 

N.G.C. 5904.—The following absorption lines are present: | 
F, H,, G, H, K, and a band at 419## which may possibly be double. 


t Sitzungsber. Heidelberger Akad. d. Wiss., Abt. A, 1912, No. 15. 
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The appearance is practically that of a solar spectrum except that 
H, is more prominent here than in the sun. 


GLOBULAR CLUSTERS 


N.G.C. Dates of Exposure Total Exposure 
BOOsm eee 1911 May 3, 4, 5 16517™ 
WEN, biog lac yunesse2503 15 40 
CHOR cadence 1912 May 21, 22, 23 I5 35 
OPAV os IS Bore tg1t May 30, 31 I3 05 


N.G.C. 6093.—This spectrum is of good density. Absorption 
lines corresponding to solar F, G, Hs, H, and K are present. The 
line corresponding to H; is stronger than in the sun. Aside from 
this the spectrum resembles the solar type. H, may be present, 
for G looks broader than normal. 

N.G.C. 6205.—This exposure was made with the second spectro- 
graph as noted above. The exposure of 15535™ therefore corre- 
sponds to about 315 when compared with the others. It is the first 
spectrogram of satisfactory density of this cluster which I have 
obtained and seems to explain the discrepancy between the first 
plate obtained at the Lick Observatory’ and the first Mount Wilson 
plate. The Lick plate, although faint, indicated stars of various 
spectral types. These could be picked out because the guiding 
was such that the cluster was kept quite closely in one position with 
respect to the slit. The cluster being comparatively coarse, the 
spectra of but few stars were obtained. On the other hand, for 
the first Mount Wilson plate, the guiding was such as to allow the 
cluster to drift slightly in both @ and 8. A more nearly average 
type of spectrum was thus obtained and the F-type was indicated. 
The plate, however, was not of satisfactory density, so another was 
taken. In this case a special effort was made to obtain an average 
spectrum by making the image of the cluster move about over the 
slit. The spectrum obtained shows absorption lines at He, H,, 
G, Hs, H, and K and a band at 420mm. H, and G appear as a 

t Lick Observatory Bulletin, No. 140. 
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close double line while H and K are not fully separated. The plate 
thus indicates either a type of spectrum between F and G, or stars 
ranging from the one type to the other. If we take the latter, we 
have approximate agreement among the three plates. A re- 
examination of the first Mount Wilson plate brought out the fact 
that the line called H, is broader than the others and therefore 
favors the possibility of its being double as shown in the last 
plate. 

N.G.C. 6254.—This is a comparatively coarse cluster and the 
spectrum of but one star can certainly be identified. It is of solar 
type and shows the F, G, H, and K lines. The spectrum of another 
star is on the plate but it is much fainter than the former, which it 
appears to resemble. The lines F, H, and K are probably present. 
G may also be present but the very slight width of the spectrum 
and the troublesome grain of the plate make this very uncertain. 

The four clusters described above agree in showing the solar line 
G as well as lines of hydrogen and calcium. We thus have three 
possibilities—the clusters consist of: (1) stars of F and G types, (2) 
stars of a type intermediate between F and G, possibly F8 in the 
Harvard classification; (3) a combination of 1 and 2. The latter 
hypothesis seems most probable. 

After the presence of the G line had been recognized in these 
four cases the spectrograms of the clusters discussed in the second 
paper were carefully examined again. With the exception of the 
plate of V.G.C. 6205, mentioned above, they gave no evidence of 
being composed of other than F-type stars. 

The number of globular clusters investigated thus numbers 
twelve, approximately 11 per cent of those of appreciable size and 
brightness. As stated in the second paper, only the brighter stars 
of the clusters had any effect on the photographic plate. The 
result obtained thus far may be stated as follows: As a whole the 
brighter stars of the globular clusters investigated have spectra ranging 
only from the F- to the G-type. The clusters observed are nearly all 
that can readily be reached in latitude 34° north and in which the 
brighter group of stars are fairly condensed and of sufficient 
brightness to be observed in a reasonable time. Unfortunately 
these do not include the large group of clusters near 18 hours and 
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south of —20°. It would be of great interest to know if these, too, 
show the same small range of spectral type as the northern clusters, 
and it is hoped that some southern observatory may undertake to 
answer this question. 

SMITH OBSERVATORY 


BEtoit, WIs. 
November 1912 
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THE ALGOL VARIABLE RR DRACONIS 
SECOND PAPER 
By FREDERICK H. SEARES 


The comparison of the photographic results for RR Draconis 
presented in the first paper’ with the incomplete visual light-curve 
indicated that the photographic variation is greater than the visual. 
An examination of the relative dimensions and light-intensities of 
the two objects composing the system made it practically certain 
that the difference must be real. This result has since been con- 
firmed by photographs during the minimum of September to, 1912, 
made alternately on ordinary and isochromatic plates, the latter 
being used with a yellow filter. The present paper contains an 
account of these later observations. 

The plates used were Seed “Gilt Edge 27” and Cramer 
“Instantaneous Isochromatic.” ‘The filter is one prepared for the 
determination of visual magnitudes, and when used in connection 
with the Cramer plate, the curve of color sensitiveness for spectral 
types not too far advanced appears to agree satisfactorily with 
that of the eye. The results derived with this combination will, 
in what follows, be referred to as photovisual? magnitudes. 

During the period of variation on September 10, 18 plates, 
divided equally between the Seed ‘‘27” and the Cramer “‘Iso,” 
were made with the full aperture of the 60-inch reflector. Five 
one-minute exposures were made on each of the Seed plates, while 
four exposures of three minutes each were given to all the Cramer 
plates excepting the last, for which the exposures were two minutes. 
The total number of exposures is therefore 81. They cover the 


t Contributions from the Mount Wilson Solar Observatory, No. 64; Astrophysical 
Journal, 36, 368, 1912. 


2 The increasing importance of visual magnitudes determined by photographic 
methods suggests the desirability of a special designation for results so derived. 
Though etymologically unsatisfactory, the term photovisual is suggested as a con- 
venient notation, the term visual being reserved for the indication of results to which 
hitherto it has generally been applied. 
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minimum and parts of both branches of the curve, and extend over 
an interval of 527™. The atmospheric conditions were satisfac- 
tory throughout. The transparency was high, and the steadiness 
ranged from 3 to 4 on a scale of 10. Further details are given 
in Tables IX-XI, but before proceeding to their discussion it is 
necessary to consider the magnitude scale of the comparison stars. 

The relative photographic magnitudes of the comparison stars 
have already been well determined. Referred to an arbitrary zero 
point, they are shown in the second column of Table IV of the first 
paper and of Table III below. The results of a provisional deter- 
mination of the zero point from a plate of duplicate exposure on the 
field of the variable and on the Pole are given in the last column of 
Table IV of the first paper. Asa control upon this comparison two 
further photographs of duplicate exposure have since been made on 
Seed ‘‘27”’ plates. In addition, a series of photographs on Cramer 
‘“‘Tso” plates has been made for the derivation of the photovisual 
scale used for the reduction of the isochromatic plates exposed 
during the minimum on September 10. A list of the additional 
photographs made for scale determinations is given in Table I. 
Those on ‘‘Iso” plates include exposures with the various apertures 
used for the determination of the relative photovisual magnitudes, 
and also duplicate exposures on the field of the variable and on the 
Pole, the latter serving to fix the zero point of the photovisual scale. 

Turning first to the revision of the zero point of the photo- 
graphic scale, we have available plates go2 and 903. The images 
of the comparison stars for the variable and the Polar Sequence 
stars shown on these plates were measured with the photometric 
scale in the usual manner. These exposures were made with a 
32-inch diaphragm, and as the distances of the stars from the axis 
were moderate, we may regard the field as free from aberration. 
The mean scale readings, uncorrected for distance error, are 
therefore used for the reduction. These are given in Table II. 
The numbers and magnitudes of the polar stars are from Harvard 
Circular, No. 170, with the exception of (350) and (362), for which 
the numbers refer to Harvard Annals, 48, as these objects are not 
included in the Polar Sequence. Their magnitudes are from an 
investigation of the Polar Sequence not yet completed, but as the 
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results for this part of the scale are in close agreement with those of 
Pickering, they may be used for the present purpose. 


v 


TABLE I 
PLATES FOR MAGNITUDE SCALE OF COMPARISON STARS 


Plate Date G.M.T. at te ee Aperture Region Seeing 
IgI2 
P 845, “Iso”. .|Sept. 15} 19222™19533™ = 4 3™ | 60,32 | Variable 3 
840, Iso. I5| I9 40-20 0 6 3 | 60, 32, 14| Variable 3 
847, “Iso” I5} 20 5§ —20 23 3 2 60 Var., Pole} 3-4 
856, ‘‘Iso”’ 16] 18 17 -18 32 4 4 60, 32 Variable 5 
S57, ,1s07 16] 18 41 -19 0 4 4 60, 32 | Variable 5 
858, “Iso” 16] 19 7 —-I9 23 3 3 60 Var., Pole} 5 
goo, “Iso”. .|Oct. 7} 15 40 -16 24 a 10 32 Var., Pole} 4 
Q01;,-1so7 7| 16 37 -17 20 3 10 32 Var., Pole] 3 
902, 227°": jl) Ae Se] 3 4 32 Var., Pole] 3 
QOS aia ste 71 18 o -18 22 3 4 32 Var., Pole] 2-3 
TABLE II 
COMPARISON WITH THE PoLE—PHOTOGRAPHIC RESULTS 
PoLaR SEQUENCE VARIABLE AND COMPARISON STARS 
H.C. 170 Scale Reading Scale Reading 
1 Se ee ae aay Star 
Star Mag. G02 903 902 903 
De Aire poesia cinjaie Graschcnecs.¢ 10.52 9.0 fh v 6.6 6.5 
TR carci teat OE 10.57 9.4 8.6 I 6.9 6.8 
Caco eprdaiore Saker 10.63 9.5 8.8 2 Towne 13.8 
DG tagh ates atateyac sasyehe 10.68 9-5 8.9 2B 1 Uf 14.0 
EOP recat site ee sere I1.26 11.6 iS 4 137, 14.4 
DLO prey seontace fests oxeh spies a 12.28 14.6 15.6 5 I4.5 I4.4 
FS ia ei at tate aaa si, sor 12231 14.5 tar, 6 I5.1 Tiseee 
BO mptsets ak aietathe. ot 12.59 14.8 16.4 7 14.8 rs70 
(COD noo notaeoneas 12.78 16.2 17.8 8 TS s5 16.5 
BIA oleh ahesie wis! ate vs 12.83 Wee: 18.0 9 160.2 som 
DROP ce cottons 5.3), 13.20 18.0 10 17.4 16.8 
TAL. SRR Ee ee 13.34 18.5 II 17.6 ais 
UIs PA ascks, Aro 13.50 18.5 Bae 


The scale readings for the polar stars were plotted against the 
magnitudes in the second column of Table II, and from the resulting 
curves were interpolated the magnitudes of the comparison stars 
and the variable. These results require a correction for extinction. 

The zenith distances for the variable for the mean times of 
exposure of plates go2 and go3 were respectively 48°7 and 52°s5. 
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The corrections are therefore +o.10 and +0.05 mag. The cor- 
rected values of the interpolated magnitudes are given in fourth 
and fifth columns of Table III. The corresponding quantities 
for plate 792, derived by adding the correction for extinction to the 
results in the eighth column of Table IV of the former paper, are 
also given in Table III. The magnitudes of the variable and of 
star No. x from plates 902 and go3 are unreliable, as they represent 


TABLE III 
PHOTOGRAPHIC MAGNITUDES OF COMPARISON STARS 


Interpolated Mag. Reduction to P.S. 
Star ee oo Sra ae Diff 
, , PS 
792 902 903 792 902 903 
v On 7.0m ere (9.78)|( 9.99)| .--- | (9.02)] (9.23)] 9.64 | (9.88)| (—24) 
I 0.90 | ....: | (9.89)} (10.08)] .... | (8.99)] (9.18)} 9.78 | (9.98)| (—20) 
2 2,03) T2207) | LEO) |NL2,0F || OnO4n|| O103) kOe Oonles belt O Lillo 
3 BZ. 12 22712503 |ote.O5n |" Oed5i| OsOUN tO LOulme2 OO! til 5a lee iticy 
4 pee va line eoyean ite |fya tyes een Pade dealt esyelcn Il cekn@lon |) Cicors ite ime |) Tes ft) 
5 3.40 | 12.40 | 12.40 | 12:15 | 9-00 |-0\100 | 8.75) | 12.28) | 12.3254 
6 Ri emai hay enliamoN Soul adelacia ll C)aoye|| toKols |) tiny? || 1x, Glo) || IA || Go 
ii 35709| T2058)|\ L240 k2). 32) (Orso |lSa7 On| ROsO2 smth One 2A ON hE 
8 4..02)|12).90: || 12.60 | 12765 |"8.83)|KS07) | 60501) £2700nler2 a7 5) ees 
9 AACR || 12 .OD |) MOY) o's owe 3503) 1 Ss04) |i ste EO tg [et 2720 2 eae 
Io 4.06) | 12.96 | 13)/19) || 12.772) | 8).00! |) 9.1371) 6. 00mInE2104) 0x2 500M 
II AN 2S a nl3 i OOM mt aryoa0 leurs $5724) S505 |e eae ees ean |e ser oleae 
12 AES SUI Ay coll Coy eartoun | eee aa ane TEZEAO) Wie cwont ae 
13 AS SON |) Uacree tar keene | wenerrere E3205) fener 
I4 ASO Ulla stats tees wl bates esed tee D377 cess. ane 
IMGans orice eoaie wean Sea tomer Cane 8.95 | 8.91 | 8.77 
Adopted mean reduction to Polar 
MEGUCHCEM Sanat iene en eta 8.88 


an extrapolation of the magnitude-curve defined by the Polar 
Sequence stars. On this account they are not used in the derivation 
of the reduction constant, though they may be accepted for a 
further determination of the relative brightness of the variable and 
star No.1. The value previously found was v—No. 1=—o.15 
mag. with weight 6. From plates 902 and 903 we derive —o.10 
mag. with weight 2. The mean is —o.14 mag. On this account 
the provisional magnitude of the variable in Table III is 0.76 
instead of 0.75, as previously given. 

The comparison of the interpolated magnitudes with the pro- 
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visional results in the second column of Table III gives the values 
of the reduction constants shown in columns six, seven, and eight. 
The respective means of 8.95, 8.91, and 8.77 mags. are in satis- 
factory agreement, and yield as a mean constant for the reduction 
of the provisional magnitudes to the zero point of the Polar Sequence, 
8.88 mags. The final values for the normal brightness of the 
variable and for the magnitudes of the comparison stars are in 
column nine of Table III. As a result of the revision, the magni- 
tude of the variable has been decreased by 0.06, the comparison 
stars by 0.07. 

It will be noted that the scale of the adopted magnitudes has 
been independently derived, and, excepting the zero point, is in 
nowise based on that of the Polar Sequence. It is of interest, 
however, to compare the two scales, which is easily done by forming 
the mean of the interpolated magnitudes for each star. The 
results are in the column following the adopted magnitudes in 
Table III. The differences in the last column, with the exception 
of the first two which are without significance, areallsmall. There 
is a suggestion of a small systematic difference, but the interval 
covered is too short to afford a reliable indication. 

Proceeding now to a consideration of the photovisual scale, we 
have available for the determination the diaphragm plates 845, 846, 
856, and 857, all of which were made during normal brightness of 
the variable. The scale readings for these appear in Table IV. 
The values in parentheses for star No. 1 are those actually observed, 
corrected for distance error by means of the average curve ordinarily 
used for the full aperture of the 60-inch reflector. But, as pointed 
out in the former paper, these corrections are uncertain in the case 
of bright stars at any considerable distance from the axis, on account 
of the large influence of even comparatively small deformations 
of the mirror. Star No. r is of this character, and to avoid the 
difficulty, the following procedure was followed: The variable 
during normal light is very nearly of the same brightness as star 
No. 1 but is situated at the center of the plate. If, therefore, the 
value of the difference in brightness of the two objects can be inde- 
pendently derived, it will be possible to apply this difference to the 
scale readings for the variable and derive for star No. 1 values 

363 


6 FREDERICK H. SEARES 


which will be more reliable than those observed. The required 
differences may be found from the exposures made with the 32- 
and 14-inch diaphragms, the results for which are also entered in 
Table IV. Two additional values are also given by the polar 
comparison plates, goo and go1, listed in Table VI, both of which 
were made with the 32-inch diaphragm. Since the difference 


TABLE IV 
MEAN READINGS FOR PHOTOVISUAL SCALE PLATES 


845 846 856 857 
STAR | ase oray aera? 
S60 S32 S60 S32 S14 S60 S3a S60 S3a 
Dic Maer eeciherersparn 6240/13 Os| 6. 251).1326) | Ora Ss eons Wf | gies: 
- (7:5)| 13-7.) (].4)] 13.6.| £723 VEG 8) Bgc0 0) (yen) eee 
ge Ra ay oe Oeisiah ears (opeee fall eeneeee eo ci SaGrWraerere Fheaetelit dott 
Ue eteecatig dt Ae aae 18..G 17) ES). 7) 13.0 
Baisaste-onart cal uoke vcs 14.5 14.2 14.4 Tey 
Bie ec ner werjornacs oe 14.4 I4.0 14.1 13.6 
IC oer oe 11.9 II.9 H2a5 11.8 
Gis eudts, cgsteatae erate Sanaa 16.8 16.1 PSa3 
Oe aA ss ge) Std mst. sels 14.6 SUyeut 14.3 T463 
Senahiics atetaceer es 16.7 16.8 15.6 I5.0 
Olmierene oie keane easier 16.4 16.3 16.2 15-3 
eis Pedie apacesOIee Sere cae 16.5 15.7 


is very small, amounting to only 0.04 or 0.05 mag., we may dis- 
regard the small fluctuations in the value of the scale interval from 
plate to plate and for different parts of the scale. We thus find 
No. 1—v=-+0.14 scale interval, which, added to the 60-inch 
exposure values for the variable in the first line of Table IV, gives 
the required values for star No.1. These were used in the determi- 
nation of the magnitude scale instead of those directly observed. 

The data in Table IV permit of five separate determinations of 
the scale of photovisual magnitudes. The exposures were too 
short for those with the diaphragms to show images for any of the 
stars excepting the variable and No. 1, and, as these are of the same 
brightness, we have, in effect, to assume that the photometric scale 
with which the images were measured is a uniform scale of mag- 
nitudes whose constant is to be determined for each plate. For- 
tunately this is sensibly the case. The resulting mean magnitudes 
referred to an arbitrary zero point, and the deviations in hundredths 
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of a magnitude, for each determination of the scale are in Table V. 
The average deviation, including the effect of relative scale error 
over a range of three magnitudes, is +0.045 mag. 


TABLE V 
PROVISIONAL PHOTOVISUAL MAGNITUDES 


Residuals 
Pro- 
Star visional 845 846 856 857 
Mag. SSA [ete ete 
60-32 60-32 60-14 60-32 60-32 
Digerati ee e738 —5 —4 +8 + 2 fo) 
ees Sar re 1.80 — 2 ° ° + 5 = @ 
“8, I en a Sec 3370 +3 —3 —4 ° + 2 
Biko Rian oe 25 session 3.98 2 +6 +4 — 6 = i 
nay bassist ier yes ORS 3.92 —5 +5 +4 fo) —4 
BS extav ave che Soar cis yt erat 3.29 +1 —I fo) ° —I1 
Oat rere eae Sees 4.65 ee +2 —2 —7 +8 
Tibet, 27 2 Seer Awte2 +9 —5 —7 +12 — 9 
fale Cte eens 4.58 —2 —5 —9 + 6 ee 
CE OSM ere eoe 4.58 5 +9 +5 —18 ae i 
OMI rarilare 2 eivneraienc 4.80 401 Sah — 8 + 8 
Average deviation]......... +0.039 | 0.040 | +0.043 | 0.058 | +0.043 


The zero point of the photovisual scale was derived from the 
polar comparison plates 847, 858, 900, and gor. The arrangement 
of Table VI, which contains the scale readings, is similar to that of 
Table II. Itis to be noted, however, that the visual magnitudes of 
the Polar Sequence stars from Harvard Circular, No. 170, are here 
used instead of the photographic. Precisely the same method has 
been followed in deriving the reductions to the Pole as was used 
for the photographic magnitudes. The zenith distances of the 
variable and the corresponding corrections for extinction were: 


Plate 
847 858 900 gor 
ETL HR DISEATCE re ie arate Gra at testers Sete 54°7 48°2 37°25 43°8 


| Ded nhire etoile. ye G Bie Sere ae DONG Contr +0.02 +o.10 +0.19 +0.15 


The magnitudes interpolated from the curves defined by the data 
for the Polar Sequence stars and corrected for extinction are in 
365 


8 FREDERICK H. SEARES 


columns three to six of Table VII. The provisional magnitudes in 
the second column are as given in Table V, except that the value 
for the variable has been revised to include the results from plates 


TABLE VI 
COMPARISON WITH THE POLE—PHOTOVISUAL RESULTS 


PoLaR SEQUENCE VARIABLE AND COMPARISON STARS 
H.C. 170 Scale Reading Scale Reading 
SS PNG: 
No. Mag. 847 858 goo gor 847 858 goo gor 
TOC aes aie 8.94 8.7 8.8 v Or3 |sroasiier2- Onl eines 
ptr COyecer lB genic oH neceal geol| SHRRCY I]? Lash. xte) I Peo) || celexey || BROROP || athe. 
Supers t a 9.86 Opis Giee Nh aera IF aiasers) 2 TAN2 | ePA, Ole tOOn nc Oae 
DA eyenueine TOMAS easier near [tei nene lek eel | tacks es B TAO MEALS el 74 alel es 
TiS meer rcecci 10.78 Heenyp |) se here 4 14.9 | 14.4 | 16.7 | 17.2 
Opes I1.07 TANS || ee 5 0 5 E200 E27 tAOn aaa 
TOp ete MO De) | ony Ip Bese LSese| rons 7 TRA aetS Oued you |e 
LEO cee eneees T2524 PTA yn] TA7 elon ee lek 7a 8 5 hy Peay sol lap Se Je aN a Pete NS rach 
ZO nee PSOE Mado eeh AL | cee [Bene 9 E7 AnleEOn7: 
TABLE VII 
PHOTOVISUAL MAGNITUDES OF COMPARISON STARS 
5 ; Interpolated Magnitude gaa oe Sts <3. | Mag 
Star o 3 gy from | Difference 
oe ga | Ps 
a, 847 858 goo gor | 847 | 858 | goo | gor | = 
Dshoweve tiers 1.76) 9.47/10. 27/10. 26/10.07|7. 71/8. 51/8. 50/8.31| 9.98)10.02 — TA 
Tees oer 1.80) 9.92/10.17/10.15/10.03|8. 12/8. 37/8. 35/8. 23|10.02/10.07 — 5 
ONecfegstorsa et 3.76)12.16)12.04|11. 68/11. 72/8. 40/8. 28}7.92/7.96|11.98|11.90) + 8 
somes 3.98/12. 36/12. 19]12.16)12. 22/8. 38/8. 21/8. 18/8. 24/12. 20/12. 23 — 3 
AR rarolecsths 3.92/12. 39]12. 16/11. g1/12.15/8.47|8.24/7.99|8. 23/12.14/12.15 — iI 
Siansvatveiwteke 3-290/11.62/11. 74/11. 18/11.15]8.33/8.45/7.89]7.86|11. 51/11. 42 +9 
Of se spaee AOS ie acetone seed ell ears | erceawaes Reed artis keeerenl ieee: TO ee wae 
adios ihe eee Me PAN PAINE SISUIN oS tell.4 5 oe 8. 41/8. 39/8.16 12.34/12.44 —10 
Ore ese ASSO 2. GO L2 458 |eraeiee ieee closteike rn C16) oisiaallococ 12.80/12.92 —12 
Gaeta) ASO LZ ROO L240) acters lira AO eid malls ate c 12.80|12.90 —10 
TO eensrate sions AE SON mee: + (oe ceed] meee ollie we aifel eeteved ot teteue ceilhageeans ERCP As 554 
INU CANIS Sets eer eels oho Aa 8. 29/8. 33/8.14/8.14 


Adopted mean reduction to Polar 
DEQUENCE aaa ae. tee eee NS 8.22 


goo and gor, which, having been made with the 32-inch diaphragm, 

are available for the determination of the relative brightness of the 

variable and star No. 1. The arrangement of Table VII and the 
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method of reduction to the zero point of the Polar Sequence is the 
same as that for Table III. As before, the last column gives the 
difference between the adopted magnitudes resulting from the 
independent determination of the scale and the means of the 
interpolated magnitudes which are based upon the Harvard values 
for the Polar Sequence stars. With the exception of a small 
constant difference due to the particular distribution of the data 
used, the agreement between the Harvard visual scale and the 
photovisual results obtained with the “Iso” plate and yellow filter 
is satisfactory. 


TABLE VIII 
ADOPTED MAGNITUDES 
4 Q SPECTRUM 
Star P iv recom Say Alt, Color Ladex. | = S| 
H. Mags. |Mt. W. Mags. 

v...(Normal Brightness) 9.64 9.98 —0.34 B4 A2 
ARS aE ee myer ae ane 9.78 10.02 —0.24 B6 A4 
ORGS erga cirscrseveh ur eeoe II.QI II.98 O17, Bo A8& 
a ae Ry cae ORION 2.00 12.20 —0.20 Bo AS 
Bee Toei NG ecole eases Tarr 12.14 —0.03 Ao Ag 
Riis retain kigt Rpt uahigs cishetays 12.28 iMag it +0.77 F8 G6 
Oe aioe cients waste, 12.56 12.87 =0.31 B4 A2 
AO te OM ACI CPOE E 12.58 12.34 +0.24 A6 F5 
eae es OI ee eee 12.90 12.80 -++0.10 A3 Fi 
OMe Reba ote c aint es 12.91 12.80 +o0.11 A3 Fi 
Koh Ackens COPRIE TT aO cence ete 12.94 13.02 —0.08 Bo A8 
PaE topes aren ckatetene ra os rs eae pehs ieee oh ye ey whee ilar: 

Le cor Nee ene ae D3 PAOw a0 me cena tl Wrarncmtste 

Fe Ae arcitin ce ee ee 13 OS |) caries tm 9 || memes 

i Ee oie Rae coe ore EE eG Py bles eas. es emcees [he ea operons 


In Table VIII are collected the final results for the normal 
brightness of the variable and for the various comparison stars. 
The fourth column contains the color index, and the fifth, the 
corresponding spectrum interpolated from the curve of Parkhurst.” 
The apparent preponderance of very early type spectra raises a 
question as to whether the two scales, if extended to stars of the 
sixth magnitude, would coincide for stars of the type Ao. ‘There is, 
of course, some uncertainty in the zero points of the adopted scales 
owing to the small number of comparisons with the Pole. The 


t “Verkes Actinometry,” Astrophysical Journal, 36, 217, 1912. 
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average deviation of the separate values of the reduction con- 
stants from their means are respectively 0.07 and 0.08 mag. 
One would not expect, therefore, a relative error greater than a 
tenth of a magnitude, assuming both the photographic and visual 
magnitudes used for the Polar Sequence stars to be correct. But 
an error even of this amount would not be sufficient to account 
for the deviation of the spectra from the normal distribution. 

The results become more satisfactory, if, instead of the Harvard 
photographic magnitudes for the Polar Sequence stars, we use the 
values from an investigation with the 60-inch reflector for which 
preliminary results have recently been obtained. The agreement 
of the Mount Wilson scale with that of Harvard is excellent for 
the stars between the tenth and fifteenth magnitudes, but for the 
brighter stars there is a well-marked divergence amounting to 
about 7 per cent. If the two scales be brought into coincidence 
at the sixth magnitude in accordance with the international 
convention, it appears that the Mount Wilson magnitudes for the 
fainter stars are fainter than those of Harvard. The difference 
increases uniformly from the sixth to the tenth magnitude, but 
from there on is constant and equal to 0.37 mag. Since all of the 
Polar Sequence stars used above for the determination of the zero 
point of the photographic scale are fainter than the tenth magni- 
tude (see Table II), the results in the second and fourth columns 
of Table VIII may be reduced to the Mount Wilson system by the 
simple addition of 0.37 mag. The spectra corresponding to this 
modification are given in the last column of Table VIII. It will 
be observed that the distribution is now normal, and, further, 
that the spectrum for the variable is now in sensible agreement 
with the Harvard value A5?.. The result is of interest, but 
not conclusive, for we have practically no reliable information 
as to the distribution of the spectra of the fainter stars; and, 
moreover, we are here dealing with only a small group of objects. 
But as the main purpose of the present discussion is the determi- 
nation of the relative values of the photographic and the visual 
variation of RR Draconis, the uncertainty is of no immediate 
consequence. 

* Annals Harvard College Observatory, 56, 189. 
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The data relating to the observations during the period of 
variation are in Tables IX-XI. The scale readings have been 
corrected for distance, error, and those for the variable have been 
reduced to the mean exposure by the method used for the first 
series. As before, there is no evidence of systematic difference 


TABLE IX 
MEAN SCALE READINGS OF COMPARISON STARS—PHOTOGRAPHIC RESULTS 

Star 813 815 817 810 821 823 825 827 829 
Boarags ts ems os 5.0 5.8 See 4.6 6.3 6.3 BoO |) sO) 5.4 
Dire tes cot ais chee LOGS PTO NOU iaek ie h |) Ww fey |b war sis | wae || auesa) || Tie 
CPS dS nAe Ge eeok TIS | Re Are Neat iar ell Geo aebel| wie oom || Geta) Il See es) Mp aaa ts 
7 ee Somer ets Machi LPS | Ber Nee le ene yas) || aera Sidon || wel) TL is) || 10) 
AS, rea 2 Lipase) (PEC Gl) Sead I tw ayer lls Jan Nl AIG) || Seder) || greece 
(Sanaa oboe. TS) F5c0) 1203) |ekeasul isn 5y edse sel een econ Onletans 
17 RN SRA Sa ay 22 PSE S| Lee On |e ton4 Wan se lehs. se ler onOn |e roe Om rae tenons 
OB rtenty syanscc, o thstaNeit DOM ESo4s| T5e0 | ete. Ou a TAP Ompr 3, Gallatse os tah omen 
CIs, Sneed eer Tse IS AL Lome i etse se) | tAnsel Tse ON |ersms liaise Awlanams 
EO ngedep ies coms oss LEIAUP AT MISGUA ip Bicloeh || ciSlored [Pulte Bee Gy || AE || Tes || 46h 7) 
SEL Bo Noksike, oe selina’ srt Lease || eta || aeeieae |) aes teh ielator || askacey || Sreyates [h Fige (ey || aeANSse 
BD reeves seve oes rpc) |leewinee |p sitar e eto | SOG PAL velop ioaeiaeell Sexl cy Hl itt! 
A en ere ee iiettes Mie ete) Rega ap ager A) SaAy Tesch ee ay L Gey | aesatoy || e647) 
RA tars ence tahe Ga sores, 2 TSEC || Sap |) easel) Aeaced Ti zabestsy I reGpetoy || Seale |) Tee) HOSP 


TABLE X 
MEAN SCALE READINGS OF COMPARISON STARS—PHOTOVISUAL RESULTS 


Star 814 816 818 820 822 824 826 828 830 
eh Sea ora 7.8 7.8 Gf estos feb e 9.7 7.8 8.0 Gi ce 9.1 
ON, SERS RTE ixey | oa |) BBall aeloey || ae YT Mc) |) WEA || WB Ak | SeGY Se 
Bee vatinnainrss aan, 2 PAO TAT) Ora eTAN Om el Sessa si 7m lea On| (et oho mene O 
Att han cits Oke iar PIM Givkod | SiON Sule Mayle) If Geet) || Gugteter || Beets) |) gut! 
REE oMe are = lovee a OY || SARA ee || sete se | Teor gt Sermecsh |) aehoey | aee cGy |) Bagh” 
OM ator miecieine.. <= TO-4 |p 1042/81 O52 3/85/20) || ROU) eESs0) 1etS a4 b> 5 ales 
le eta Hike Positagy N Cwbeloy y) Feiseoy || GMOre) || Uy aime limba || sake 
(hs ice Sin eeeeeniore Ae 16745 |SDO-OM TSeOnlecOnt | T7ONlLSSOMmT Sao | euGecn | ts 
Of cceters iaieye as TOs A eTOVOMMDS OMe S eS || LOROM ELA TOME Tomo: et Se Au |eieeo 
TOla chs cts eis se T7oL TG eOmleLOn7a LOS |e BESO Wt Beha 9- || TKI ae | oo. ole 


between the first and last exposures on the same plate. The values 
of the brightness of the variable in the seventh column of Table XI 
were interpolated from the magnitude-curves formed with the 
adopted magnitudes of the comparison stars in Table VIII and 
the scale readings in Tables IX and X, the argument used being 
the scale reading in the sixth column of Table XI. 
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1912, September 10 


TABLE XI 
MEAN SCALE READINGS AND MAGNITUDES OF RR Draconis 


12 
Plate | Expo 
PiSt3 cass I 
2 
3 
4 
5 
SUS vere I 
2 
3 
4 
5 
OL Ga reise I 
2 
3 
4 
5 
StOmciee- I 
2 
3 
4 
5 
S2T ye eye. I 
2 
3 
4 
5 
S23 aera: I 
2 
3 
4 
5 
S2 5h arte I 
2 
3 
4 
5 
S27 eee i 
2 
3 
4 
5 
S20 terre I 
2 
3 
4 
5 


19 
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| Phase | Ss | Mag. 


PHOTOGRAPHIC RESULTS 
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TABLE XI—Continued 


Expo- 
Plate a G.M.T. | Phase | s | Mag. O-C 
PHOTOVISUAL RESULTS 

SEA ents « I | r5h4rms 01654 —ofog2 | 11.4 10.98 ° 
2 45.5 0.657 —0.089 | 11.7 TL.O7e ea. 

3 49.5 0.660 —0.086 ue 3) Taos ii + I 

4 Sans 0.662 OOS Am ied li) I1.07 7 

STOin ote I 16 28.5 0.686 —0.060 | 13.2 TIOS | ecta0 
2 32/46 0.689 —0.057 13.0 oly —17 

3 36.5 0.692 —0.054 1374 11.92 — i 

4 40.5 0.694 —0.052 13.8 12.04 = Y/ 

SIS See c% I 17 2.5 0.710 —0.036 | 15.7 12.75 — 12 
2 6.5 0.713 —0.033 15.6 bone Sey 

3 10.5 0.715 —0.031 16.2 12.91 25 

4 14.5 0.718 =90,028 | 16.5 13.00 —23 

B20 a. ek I a7 AS aS 2.738 —0.008 | 17.2 mes + 2 
2 47.5 0.741 —0.005 16.9 13.14 — 9 

3 GES 0.744 —0.002 17.4 120323) +9 

4 SSS 0.747 +0.001 wpe 1123, + 2 

O22 Seivensieie I LSeL 75 ©.762 +o0.016 | 17.8 13.18 = § 
2 Zits 0.765 +0.019 17.8 13.18 = & 

3 25.5 0.768 +0.022 18.1 13.30 + 7 

4 29.5 0.771 +0.025 17.9 1h BIH — 2 

O24 Sites I 18 50.5 0.785 +0.039 14.6 12.61 — 6 
2 54-5 0.788 +0.042 | 14.4 T2853 —2 

3 58.5 0.791 +0.045 T432 12.44 + 4 

4 TOE eas 0.794 +0.048 13.8 12.26 a 

S20. eee I 10)31.5 0.813 arteeliy) || 8.5 eA) |] 5 
2 ASS 0.816 +0.070 | 12.2 11.48 — 4 

3 39-5 0.819 +0.073 LOS Tigo) |} Se 

4 Aas 0.821 +0.075 II.9 11.36 — 1 

SPite & oily I ZOMG S 0.836 +0.090 | 10.7 10.97 — 3 
2 8.5 0.839 = OnOOS ml mELOl7] Tey oy) |) a> 

3 12.5 0.842 +0.096 10.3 10.84 — 6 

4 16.5 0.845 +0.099 | 10.6 10.94 | +10 

B30 .s2 seen I 20 37.0 0.859 +o.113 | 10.6 10.50 | —133 
2 40.0 0.861 +0.115 Tato 10.66 + 6 

3 43.0 0.863 +0.117 | 11.5 10.79 | +22 

4 46.0 0.865 +0.119 IIl.o 10.62 + 8 


Both the photographic and the photovisual light-curves are 
defined for an interval of about a tenth of a day on either side of 
the minimum, so that the epoch is reasonably well established by 
both. The value, 1912, September 10, 174535 G.M.T., was given 
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by both curves. Reduced to the sun, the result is, September 
10, 17854™s, or J.D. 2419656.7461 G.M.T. The representation 
of the minimum by the elements of the first paper is exact. The 
representation of the visual observations by Lehnert’ is less satis- 
factory, however, as each of the three minima observed by him give 
the correction O-C=+04006. A deviation in the same direction 
is also shown by the minimum observed visually by Mr. Harlow 
Shapley at Princeton in June 1912, and kindly communicated by 
letter. The correction in this instance is +-o4003. 

Both series of photographic observations, and the photovisual 
results of the latter series were grouped into the normal places shown 
in Table XII for the formation of mean light-curves. As all of the 
data thus far accumulated, including the Laws Observatory visual 
measures, indicate that the light-curve is symmetrical, the results 
for the two branches were combined in deriving the normal places. 
The resulting curves are shown in Fig. 1, and their ordinates are 
given in the second and third columns of Table XIII. The repre- 
sentation of the observations by the curves is indicated by the 
residuals in the last column of Table XI. The average deviation 
for the photographic series is 0.057 mag.; for the photovisual, 
+0.077 mag. Omitting plate 818, for which the results are dis- 
cordant, the average deviation for the photovisual observations 
becomes the same as for the photographic. 

The limits and the amounts of variation, and the extreme color 
indices are: 


Photographic Photovisual Color Index 
Mia SiON «Ain. ae es ssce et: 9.64 9.98 —0.34 
MEM Te os 6 eae oe on ences 13.46 13.23 +0.23 
ATLL ea racer ee ae eae Bne Be25 0.57 


The two series of photographic observations agree closely in the 
values given for the photographic range. The photovisual range 
differs considerably from the visual value of 2.96 mags. found by 
Shapley on June 21, 1912, with a photometer of the polarizing type. 
Part of this difference may be due to the lack of red-sensitiveness 


* Astronomische Nachrichten, 191, 201, 1912. 
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in the Cramer “Iso” plate, which for stars of more advanced 
spectral types can scarcely be expected to give exact agreement 
with normal visual magnitudes. Both series of observations are in 
agreement, however, in indicating a smaller value for the visual 


ota oft odo 


See SSS See eee 
Retopee p fot tL 
AS EA SRR RASS h en 
dba bags tmgees f | ee | | le 
Bi San Rea Msae 
ee ee SS a he 
Hee REE eee 
pe Ne BR 
2k Gea ee Vee 
ERR eee Beso 
2S BR eaGEB AS SERR eee 


pa fa —————— 
RBG Mbclel leaden els eels 
(PPM he eee ee eri ees eed ome eee 


Fic. 1.—Photographic and photovisual light-curves for RR Draconis. The latter 
is the broken curve. The variation in the color index is shown in the lower part of 
the figure. 
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range, and there can be no doubt of the reality of the difference 
in the photographic and visual results. 


TABLE XII 
NorMAL PLACES FOR MEAN LicGHT-CURVE 


PHOTOGRAPHIC PHOTOVISUAL 
~» 
Phase Mag O-C No. Obs. Phase Mag O-C No. Obs, 
ofoos.. 13.45 —1 6 of004 13.24 cise 4 
Tom 13.45 =I 5) 20 13.22 make 4 
18 13.48 + 2 7 32 12.84 —25 4 
26 13.44 2 7 44 12.46 ° 4 
34 13.24 ° i 56 II.go — 6 4 
41 12.64 ° 6 71 fi. 52 + 2 4 
46 12233 ° 6 87 I1.06 ° 4 
54 11.88 ° 6 95 10.93 + 2 4 
60 11.65 +9 6 116 10.64 + 5 4 
65 Il.24 —10 6 0.220 9.98 fo) 4 
72 11.08 ° OF [Caso were ase 
80 10.84 — 3 OT Sein | Miva seca 
gI 10.65 + 3 Ve ees crs ah Beer 
103 10.42 + 1 7 ee Ny SSS SW. Bes vB 
107 10.30 —4 Oooh ‘peep aes eee 
170 9.76 ° AP AW Ree Se eee ee 
0.220 9.64 ° Seidl Waker core) ip toaceorté 
TABLE XIII 
MEAN LicHt-CuRVES AND Cotor INDEX OF RR Draconis 
MAGNITUDE Cotor INDEx MAGNITUDE Cotor InDEx 
aga ie Ph L ome Ph Ph L 
Beri fee Mt. W. Obs. re oud Mt. W. Obs 
=04025..| 13.46 | 13.23 | +23] .... ofogo..| 10.65 | 11.00 | —35 | —33 
Bohne | Baril MieaHrerm| sere ll oo. I0O..| 10.45 | 10.81 | —36 | —34 
25.5) 13.04 | 12.04 | --201)| —TO I10..| 10.30 | 10.66 | —36 | —33 
Ana L277 Fuel 2 Osh) 4-lOs Ts 120... |) 10.27 }) 10453, |*——30 || —24 
45on | L2e40) | 12-40 °o| —17 I30..| 10.07 | 10.42 | —35 | —34 
ohn si ww) Kole} ||Paueyoawtsy |) aye) || ow E40.) O09) |EIO- 3 Tul eal — 33 
55..|| £E.00 | £2.00) ||| —20) ||" — 127 I50..| 9.89 | 10.23 | —34 | —34 
60..| 11.56 | 12.82 | —26 | —2t 160..| 9.82 | 10.16 | —34 | —34 
O5..| 11.34 | 11.67 | —33 | —34 T70), |) (Os 70 ELOROn | l= 3 Aa a 
70..| 11.16 | 11.52 | —36 | —35 180..} 9.71 | 10.05 | —34 | —34 
“75 ae fE OO ths 70 = 278 —— 36 190..| 9.68 | 10.02 | —34 | —34 
80..| 10.87 | 11.24 | —37 | —37 200..| 9.66 | 10.00 | —34 | —34 
85:, | 10.70) Wenan | 36) }) —33 210..| 9.65 | 9.99 | —34 | —34 
0.090..] 10.65 | 11.00 | —35 | —33 || $0.220..] 9.64] 9.98 | —34 | —34 


The variation in the color index is shown by the curve in the 
lower part of Fig. 1, and the numerical values are given in the fourth 
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column of Table XIII. The color index resulting from the com- 
parison of the photographic results with the Laws Observatory 
visual light-curve in Table I of the first paper is also shown in Table 
XIII, in the last column. For this comparison the zero point of 
the visual curve was made to coincide with that of the photovisual 
results. An examination of the two series of values shows that for 
phase values greater than ofo60 the three curves are practically 
identical. For values less than ofo60 the Laws Observatory curve 
lies between the other two. 

The photographic curve is probably well determined, and the 
same may be said of the photovisual curve between the phase values 
ofoso and ofr25. The two points on the latter curve within the 
interval of constant minimum brightness are also probably reliable, 
but the intermediate portion of the curve is uncertain. It is 
impossible to improve the representation of the normal point at 
o'032 without leading to improbable values of the color index. 
On the other hand, there is no obvious reason why this point should 
be discordant, for plate 818, upon which it is based, is apparently 
equal in quality to the others. An examination of the residuals 
shows that they may be slightly reduced by applying a correction 
of +o4002 to the adopted epoch, but this raises difficulties with the 
photographic curve, unless we admit the possibility of a difference 
in the times of the photographic and photovisual minima. Although 
the modification of the photovisual epoch would reduce the average 
residual and lead to a correction for the adopted elements in the 
direction of that required by the visual observations of Lehnert and 
Shapley, it seems best to let the results stand as they are for 
the present. 

If the photographic magnitudes be based upon the Mount 
Wilson system referred to above, it is to be noted that the maximum 
and minimum limits of variation become 10.01 and 13.83 mags., 
respectively; and that the extreme color indices are then +0.03 
and +o0.60. The corresponding spectrum at minimum is Fs, and, 
as the minimum is a total eclipse of the bright body by the 
larger and darker companion, this value is to be assigned to the 
fainter object. The corresponding modifications in the photo- 
graphic mean light-curve and in the color indices in Tables XII 
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and XIII are made by adding the value 0.37 mag. throughout. 
The effect upon the curves in Fig. 1 would be to displace the photo- 
graphic curve downward, and that of the color index upward, by 
this amount. 

But quite independently of any uncertainty as to the spectrum, 
the investigation shows that the darker component of the system 
is redder than the brighter by an amount corresponding to 1.3 
times the interval separating successive spectral classes; if Shap- 
ley’s value of the visual range be used, the excess of redness is 
measured by nearly two spectral classes. The result is one of 
very great interest, for Shapley, in his investigation of the orbits 
of eclipsing binaries, has brought forth strong evidence that the 
darker components of systems of the type of RR Draconis are 
much less dense than their brighter companions, and, hence, 
presumably mark an earlier stage in stellar evolution. In view 
of this fact, the exact nature of the spectrum of the darker compo- 
nents of such systems becomes immediately a matter of the greatest 
interest. Should it appear that we are justified in assigning 
spectral classes on the basis of the ordinary relations between 
color index and spectrum, we should arrive at the very significant 
result that at least some of the so-called advanced spectral types 
are very probably to be associated with the earlier stages of stellar 
development. Such a possibility has of course long been recog- 
nized, but thus far definite evidence has not been procurable. It 
is obviously impossible to observe spectroscopically an object 
as faint as RR Draconis at minimum, but there are other Algol 
variables whose examination should prove profitable. 

Iam greatly indebted to Miss High of the computing division of 
the observatory for the very careful measurement of the plates 
upon which the above results are based. 


Mount WILSON SOLAR OBSERVATORY 
December 16, 1912 
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RADIAL MOTION IN SUN-SPOTS 
I. THE DISTRIBUTION OF VELOCITIES IN THE SOLAR VORTEX 
By CHARLES E. ST. JOHN 


In the spring of 1909 Mr. Evershed announced the remarkable 
discovery of the displacement of the Fraunhofer lines in the 
penumbrae of sun-spots. In brief, he found that practically all the 
lines of the reversing layer are shifted and that the stronger lines 
appear less affected than the weaker. He advanced the hypothesis 
that the displacements are due to the radial movement outward 
and tangential to the solar surface of the gases of the reversing 
layer. From his observations he concluded that the motion is 
accelerated outward but ceases abruptly at the limits of the 
penumbrae, that the movement is confined to the reversing layer, 
that the gases of the higher chromosphere do not share in the 
movement, but, on the contrary, show a tendency to move inward, 
and that the maximum velocity indicated by the majority of the 
lines is 1.57 km per second.' 

In the summer of 1910 I began an extended investigation of the 
subject, using the spectrograph of the 60-foot tower telescope. 
By means of a simple occulting device, the spectra of the edges 
of the penumbrae directed toward the center and the limb of the 
sun, respectively, were obtained juxtaposed upon the photographic 
plate; and in what follows these edges will be referred to simply as 
the center and limb edges. The two diagrams show the details 
of the arrangement and the manner of using it. In position 1 of 
the occulting device the limb edge of the penumbra is tangent 
to the edge of the occulting bar at the point directly over the slit 
(a), which is parallel to the radius of the solar image passing 
through the spot. After making an exposure, the occulting bar 
is moved until the fiducial line (c) is directly over the slit, and 


* Kodaikanal Observatory Bulletin, No. XV; Kodaikanal Observatory Memoirs, 
bal CNP, Op 
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the image of the sun is moved parallel to the slit until the center 
edge of the penumbra is tangent to the central line at the point (d). 
The occulting bar is then moved into position 2, and the second 
exposure made. In the procedure described, the spectrum of the 
spot was not photographed, but by placing the center edge of the 
penumbra tangent to the edge of the occulting bar in its first 
position and by a similar change in the second position, the spectra 
of the limb edge and the center edge of the penumbra are side by 
side along the center of the plate with a spectrum of the spot on 
either side. This has the advantage that the distance of the point 


Fic. 1.—Occulting device 


measured from the center of the spot can be determined, and the 
whole course of the displaced line can be examined; but for purposes 
of measurement, the first plan was found more satisfactory. The 
displacement was doubled in either case, as on one edge of the 
penumbra the lines are shifted to the red, and on the other to the 
violet. The positions of the spots on a solar image 170mm in 
diameter varied from 10 to 45 mm from the limb. The usual course 
of the line on such plates shows no sharp break and the displace- 
ment does not suddenly cease at the periphery of the penumbra, 
but the line gradually returns to its normal course. This differs 
from Mr. Evershed’s observation, and seems to remove one great 
difficulty in explaining the displacement as due to motion. 

There was a question whether the slight shifting of the solar 
image would not of itself introduce displacements caused by the 
change in the illumination of the grating. This was tested by 
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measurements of the atmospheric lines wherever they appeared 
upon the plate, and the absence of any effect due to this cause or 
to instrumental displacements completely justified the method. On 
54 plates the mean displacement of the atmospheric lines was 
+o.0003 A. 

For measurement, the plate was first adjusted so that the edges 
of the spectra where they -were opposed moved parallel to the 
screw. ‘The cross-hair of the microscope was fixed parallel to the 
normal direction of the lines by setting upon the two parts of the 
line on each side of the division and far enough from the penumbra 
to be undisturbed by the radial motion. The field of the micro- 
scope was sufficiently flat to allow of this. Measurements were 
made upon the points of the line that were equally distant from the 
horizontal cross-hair, which was central with respect to the two 
spectra, and these distances were equal for all lines. The plates 
in the violet and green were taken in the third-order spectrum and 
those in the yellow and the red in the second order, the dispersion 
in the two cases being 1mm=o.56 A. and 1mm=o.86A. It 
was found that for such lines as D, and D, and H,, the second order 
gained in accuracy over the third as much as it lost in dispersion, 
and the requisite intensity of the spectra was obtained by much 
shorter exposure time. 

Observations were obtained upon the following regular spots 
which are identified by the Greenwich numbers. The diameters 
of the umbrae and penumbrae are given for the central meridian 
on an image 170 mm in diameter. 


Spot No. C.M. G.M.T. Umbra | Penumbra || Spot No. C.M. G.M.T. Umbra | Penumbra 
mm mm mm mm 
6847..| 1910 May 18.6 Ce Boe 6942..} 1911 Apr. 27.7 0.9 2.5 
6864. . July 6.3 1.7 4.0 6944. . Apr. 28.7 ist 3.0 
6874.. Aug. 9.5 7, 4.0 6945.. Apr. 28.9 0.5 125 
6880. . Sept. 5.8 bg Bs 6951.. May 30.8 1.0 m5 
6886. . Oct. 26.9 0.9 Dts 6972.. Nov. 27.1 0.9 2.0 
6940..| 1911 Apr. 9.3 I.0 3.0 
Mears it. ssciccrteien: Dek 3.0 


In laying out the program for what was expected to be a pre- 
liminary survey, it was not at first clear what lines would prove of 
the greatest interest. An examination of the blue region studied 
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by Mr. Evershed showed at once that the list should embrace a 
large number of lines of as diverse character as possible. The 
lines were selected on the following bases: 

a) As many elements as possible to be included, in fact, 27 
substances are represented in the list. 

b) Lines known to originate in the higher levels of the chromo- 
sphere such as H, K, H., and the strongest lines of magnesium, 
aluminium, and iron. 

c) Elements of exceptionally high atomic weight, and rare 
elements, particularly barium, lanthanum, cerium, lead, ytterbium, 
neodymium, and niobium. 

d) Lines covering a wide range of intensities for each element. 

e) A very large number of lines of all intensities of some one 
element represented by many lines, such as iron. 

f) Lines of peculiar interest, such as the enhanced lines, and 
lines belonging to different pressure groups. 

The program has included 506 lines which fulfil the conditions 
indicated in sufficient numbers to permit statistical treatment, 
and they are distributed as follows: violet 268, blue-green 164, 
yellow-red 74. 

In the first three columns of Table I are the wave-lengths, 
identifications, and intensities, as given in Rowland’s table. The 
fourth column contains the absolute displacements in Angstréms 
reduced to the limb; the fifth column, the number of plates; and 
the sixth column, the mean deviations. These are not a measure 
of the accuracy of the measurements, but include the deviation 
from plate to plate, which is the larger element involved. The 
displacements vary rapidly with the distance from the edge of 
the penumbra, and, with the utmost possible care in guiding, the 
slit cannot be set and rigorously held upon the same point with 
respect to the edge of the penumbra, so that plates taken in quick 
succession give different absolute displacements, but for each plate 
(45 cm long) the relative displacements of the various lines upon 
the plate are in the proper relation. If the position of the slit 
is changed by a fifth of a millimeter, the point of observation on 
the sun for the mean positions of the spots is shifted 2000 km toward 
or away from the axis of the spot, and for such changes in distance 
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the change in velocity is large. The seventh column under A’ 
requires a word of explanation. As has just been said, the absolute 
values for different plates vary. If, therefore, upon any given 
plate it has for any reason been impossible to measure the displace- 
ment of a line appearing upon the other plates, the omission of this 
line from the plate under consideration might appreciably affect 
the final mean if the plate as a whole showed displacements differ- 
ing greatly from the mean of the other plates. The values under 
4’ are obtained in the following way: when the displacement of a 
line in the list has not been measured on a given plate because 
of some defect or lack of intensity or definition, an interpolated 
value for the displacement of the line on this plate has been used 
in determining the final mean. The interpolation was carried out 
as follows: considering only the lines common to all the plates, the 
ratio was found between the displacements on the given plate and 
the mean displacements on the other plates. This ratio is the opera- 
tor by which the required displacement is found from the mean dis- 
placement of the same line on the other plates. The procedure not 
only eliminated the irregularities introduced by the omission of 
the line from one or more plates, but equalized the weights 
of the observations for neighboring lines. The mean values are 
the ones used in the discussion. As a matter of fact, the greater 
number of the displacements under A’ agree with those under A. 
Changes occur in the case of 97 out of 506 lines. In 63 cases the 
correction is +o.oo1 A., in 26 cases, +0.002 A., and in 8 cases, 
+o0.003 A. The adjustments have a random distribution and 
produce no systematic effect. In the eighth column the displace- 
ments are reduced to \ 5000; and in the ninth column, under 
character and group, are given the grouping of the iron and 
titanium lines suggested by Gale and Adams," with the addition 
of group e and the subdivision of group d suggested in a paper 
by Miss Ware and myself on the iron standards,’ also the en- 
hanced lines, and some probable blends. 


Contributions from the Mount Wilson Solar Observatory, No. 58; Astrophysical 
Journal, 35, 10-47, 1912. 
2 Contributions from the Mount Wilson Solar Observatory, No. 61; Astrophysical 
Journal, 36, 14, 1912. 
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TABLE I 


RELATIVE DISPLACEMENTS OF THE FRAUNHOFER LINES AT THE LIMB AND CENTER 
EDGES OF THE PENUMBRAE OF ECCENTRICALLY LOCATED Sports 


Tnten- No. of | Mean 7 a’ haracte 
IN Element | “sity A Noe sgh - fea ders oF Group. 
3624.258...] Ca 3 |+o.012 B 4 |+o.012 |+0.016 
3627.053..-| Co 4 |+0.016 3 3 |+0.016 |+0.022 
3628.967...| La 2 |-+0.019 B iz |+0.o019 |+0.026 
3629.877...| Mn I |+0.017 3 5 |-+0.017 |+0.023 
3020.04 5 anally 2 r |+0.024 3 3 |+0.024 |+0.033 
Bost etoqe ed 2 |+0o.016 3 4 |+0.016 |+0.022 
B030.043 5.01 G7, 2 |+0.017 B 4 |+o.o017 |+0.023 
AV ORS al] LL I |+-0.012 3 3  |+0.012 |+0.016 
BOAOs 13700 Cr I |+0.014 3 2 |+0.014 |+0.019 
3652.691...| Co 3 |-+-o.013 3 4 |+o.o13 |+0.018 
HORS SOR a0 oll Lhe 5 |+o.008 3 3 |+o.008 |+0.o011 
3659.663...| Fe 5 |+0.014 2 6 |+0.014 |+0.019 
3662.096...| Nz ey arroncohts 5 4 |+0.01§5 |+0.021 
3670.566...| Nz 5 |-+0.012 5 2 |+o.o11 |+0.015 
3686.926...| Cr Tie t-O.OLO & 6 |+0.016 |+0.022 
BOS 7 234i Le 3 |+0.010 5 3 |+0.010 |+0.014 
3687.610...| Fe 6 |+0.007 3 I |+0.007 |+0.008 
3688.210...| V r |+o.018 4 5 |+0.018 |+0.024 
3690.599...| Fe 2 |--0.017 5 2 |+0.017 |-+0.023 
3002).304..0-|)) V7 I |+0.017 5 4 |-+0.017 |+0.023 
3692.790...| Fe 2 |+0.020 5 4 |+0.020 |+0.027 
8603 hOLOs- CO Li = QnO2m 5 g |+0.021 |+0.028 
3694.344...| Yt 3 |+0.020 5 6 |+0.020 |+0.027 
3694.576...| La I |--0.027 5 3 |+0.027 |+0.036 
3695.194...| Fe Sin OLOrs: 5 L |1-O20L3 s\-OFOL7 
3607.567...| Fe 5 |+o0.012 4 5.) |}70:0125|--On 010 
3608.744...| Fe 4 |+o.o1r4 5 3 |+0.614 |+0.019 
3699.283...| Fe 3 |-+-0.019 5 4 |+0.019 |+0.026 
By OUne 24m) ene 8 |+0.007 4 6 |+0.007 |-+0.009 
BOL ZO cml ae 4 |+0.019 4 2 |+0.019 |+0.025 
3702.639...| Fe 40,0017 5 4 |+0.017 |+0.023 
3704.603...| Fe 4 |+0.016 5 3  |+0.016 |+0.021 
3704.840...| V I |+0.016 5 3  |+0.016 |+0.022 
3700.363...| Fe 3 |+o.018 3 4 |\+-0.017 |--0.023 
BV OTA LOOseel|l) Le 5 |+0.014 5 7 |+0.014 |+0.019 
3707.600...| Co 2 |+0.005 5 5 |+0.005 |+0.007 
BIOTA 7O2 | Lt 2 |-+0-:013 5 5 |+o.013 |+0.017 
3708.9604...| Co I |+0.015 5 5 |+o.015 |+0.020 
3709.389...| Fe 8 |+0.002 4 5 |+0.002 |+0.003 | b 
QipleLeiicnall Jf Blo. Ons 5 6 |+0.016 |++0.020 
Byes Oder Meee 4 |+o0.014 5 4 |+0.014 |+0.019 
BPG Pom al) LEO 3 |-+-0.0r5 5 I |+0.015 |-+0.020 
3716.501...| Fe 7 \-+-0.012 4 2 |+o.o12 |+0.016 
SU Sess olt 260 2 |-+-0.017 5 3 |+0.017 |--0.023 
3718.554...| Fe 4 |+o.o15 5 I |-+o.o15 |-+-0.020 
3720.084...| Fe 40 |+0.003 3 I |+0.003 |+0.004 
32724.070...| Na r |+o0.018 5 8 |+0.018 |+0.024 
3870-710. 4) CLV, zr |-++o.015 9 7 |+o.o15 |+0.020 
3879.824... CN o |+0.021 7 5 |+0.021 |+0.028 
3880.105...| CN I |+0.012 7 6 |+0.012 |+0.015 
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TABLE I—Continued 
r Inten- Mean : 
Element sity - A Rete Devia- A’ Reduved Character 
= tion to Asooo | oF Group 

3880.205...| CN 
3882.267...| CN : Elagrey ; Oe epee eee 
S0ou£rO4 ||) Ge 3 |+o0.012 : erties REUSE 
Seacoyy alo Te Hgts : 5 |-+o.0r2 |--o.015 
ee Caan Vom BPN. ee 5 +0.020 |+0.025 
ea aa Sy Ege Wh 4 +0.008 |-++o.o10 
3897.596...| Fe 2 |+0.009 6 ag ee Uy oe c ie 
Bonk ose Fe SPH ES oe: 9 +0.009 |+0.012 
3898.531... Mn 2 Soe Or 5 : rire OOF eres 
3899.171... Fe 3 Likes d aoe eect 
SOOL aiAS ci Lt I |+0.017 8 3 ogee 
B002<3000.6| 7 3 |+o.o012 6 ee ee aig 
3904.926...| Tz 3 |+0.013 Rien Re 
3905.660...) Sz I2 0.000 5 aes ee ee g 
=e ae ede re : bee 9 5 0.000 | 0.000 | Enh.-Cr? 
3906.628.. Fe 10 +0.003 eee eke 
3908.g00...| Cr 4 |+0.011 3 3 +o coarse 
3911.963...| Se 2 |+0.013 8 ees tice 
301S).023<-.); Ve 2 |+o.0c16 8 6 eS ere ee! 
re ad ae ee incest : Hone +0.020 
ee lik. oe : 2 nee +o.o11 
3933.825...| Ka —0.036 9 I Bees aaa 
3941.637...| Cr 3 |+0.014 II 6 nee eh : 
3041 .878...| Co 2 |-++o.015 II + Senay abe 
3044.160...| Al 15 |+0.001 12 é eee aie 
3047 .242=.21 Fe 3 |+o.o1r r2 gee bees 
BOM NS 22 canine 2) \5-0, OLA 4 : stot oie 
BOAT RO 75ers 4 |+0.009 5 : Loe dha 
3047-010...) 22 2 |+0.o011 II : + pe kee 
3948.818...| Tz 4 |+0.009 14 ! ae ee ee 
3948.925...| Fe 4 !+0.009 14 i Riviere gia i 
8940:039....| Ca rt |+o0.017 II 6 Wer ore Hee 
B050.102....|_ He I5 |+0.010 14 5 +o0.o10 Deeees 
80502407. -<1 ¥ 5 |+0.013 I4 5 +o.or te 
3956.603...| Fe 4 |+0.o010 16 5 Ree ee 
3956.879...| Fe 6 |-++o.009 15 5 +0.00 ae ae 
BO5GLOT Soe CO 2 |+0.017 I5 5 Hotes i Pee 
3058.877...| Fe I |+0.022 7 5 +0.021 Hee 
BOQ0O. 4222 Le 4 |+o.014 16 5 +o.or ie 
39061.674...| Al 20 0.000 16 6 ee ee 
3962.0995...| Tz 3. |+0.012 16 5 +0.012 +0.0 
3963.831...| Co 3. |-+0.010 16 5 40.010 + eoniee 
3968.825...| Hy; —0.049 15 I5 —0.049 er 
3968.825...} H, —0.033 14 21 —0.03 —0.042 
3969.413...| Fe Io. 6|-+0.004 16 8 Rie, ee 
B20 7E-475ec|) Le 5 |+0.008 16 4 +0.008 eters 
BOAT Ame e 2 |--0.015 8 5 +o.014 +0.018 
3977.891...| Fe 6 |-+o.010 | 17 5 +o.010 +0.01 b 
3980.779...| Fe I |+0.014 9 6 +o.o14 ees 
3081.248...| Fe 2 |+0.017 Io 5 40.017 40.021 
BOSTA OL re le 4ua-O2053 9 5 +0.013 +0.016 a 
tetas Sl we 3 |+0.013 9 & +0.013 +0.016 
3984.294...| Mn 2 |+o.021 9 7 |+o.021 |+0.026 
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a Element | Iten- A No. of | Mean a’ 
sity Plates pedi a’ Reduced paint’ 
rc 

3984 .479 Cr 2 |+0.024 nied wat 
a A320 Fe aio oes ; 7 |+0.024 |+0.030 

39 Q.gi2 Ti 4 +o 608 3 +o.o11 +o O14 
3990.01 Fe 3 |+0.012 9 6 |+0.008 |+0.010 | a 
3990. 525 Fe Be ay wu 7 |+o.o12 |+0.015 
3991.580 Fe I +o.020 ae 4 |+0.016 |+0.020 
3993. 246 Fe el aos on 6 |+0.020 |+0.025 
3094. 265 Fe od Wi pe 19 8 |+0.025 |+0.031 
3994.828 Nd? 2 |-++o O18 ae 8 |+0.015 |+0.019 
3995 463 Co 5. |Locors at 7 |+o.018 |+0.022 
3995-899 ISG IN +o Ox II 5 +o.o11 +o O14 
3990.140 Fe 3. |+o cee es 9 |+0.014 |+0.018 
3997-115 Fe Poa ia es oe a2 8 |+0.015 |+0.019 
ee ue 4 |+o ee eae: 9 |10.019 |-Fo.024 
ee Co 4 |+o.017 ae 6 |+o.012 |+o o1s | b 
ry AH et Fe 4 |+o.o1 a Io |+0.017 |+0.021 
ae Ti 4 \-Fo oe is 7 |+0.014 |+0.018 
pee: Fe 2 |+0.023 sy 5 |+o.o12 |+0.015 | a 
Wook, I Fe piitee ora Ir |+0.023 |+0.029 
ee Cr iat BE RIE Rg 5 7 |+0.016 |+0.020 
Aes Be Fe Ss) ebelerouiieg: 8 |+0.021 |+0.026 
BE re I |+0.024 | 12 ane Se 
4006. 776 i 2 |+0.020] 12 10 |+0.024 |-+o.030 
4010.92 He 3 |rOsOnS) Sis Dl oseze: || Onoas 
gern abo fe 20.0221 max. @ Fo: Onre recom 
(oat Fe 2 |-bo.026 es 9 |+0.022 |+0.028 
feteeee Ag 5 |+0.020] 12 8 |+0.026 |+0.022 
Pie eh pile oae Allman 9 |+0.020 |+0.025 
4020.547 c 3 -++o 022 12 oo 10.022 +o 027 
4021.05 a I |+0.0r4 | 11 peau inise caer ape 
4023.8 : ce 3 |+0.018 | 12 Be per onaa|t Oreay, 
repre: ay 29) |--050200| mene 7 |+0.018 |+0.022 
4035.752 Af 3 |-OL0r6 | 22 i) esCnO | eee 
erties Co 2 |+0.0r5 a 7 |+0.016 |+0.019 | a 
Reon: Mn 6. < | eloes dates 4 |+0.016 |+0.019 

a : Mn 3 Ide ons 9 |+0.018 |+0.021 | Enh.- 
eee Fe 20 6 06s ue 6 |+0.018 |+0.021 iota! 
ee o 2 |+0.020 a 9.000 | 0.000 | b 
4077 .835 5 n 3 +0.023 8 +0.020 +o 024 
4078.63r... Ti 8 eee 2 : eee +0.028 

° ; 3 0.01 —0.002 |—0.002 
4979-570. se Mn : ee uy yok no ona eae Enh, 
fone. Bee eae 4 +0.020 eA 9 +o.o01r8 +o.022 
40s.094...| Ca T -pocen8. | oe qenta gain noes eee 
foo oe ty 4: bo.oze'h) aa eget eens 
He eg ae 2 |-+o.028') (a8 9 |+0.020 |+0.024 
4103.097...| Si 40 |—0.004 | 11 5 |10.025 |+0.030 
4109. 609. at Hae Sf WecOnenee i) sa 14 |—0.004 |—0.005 
anne s ? t |+o.016 | 12 7 |+0.017 |+0.020 
4III. 509... Co 4 \\-Ho.or6 ir 6 |+0.016 |+0.019 
4116.59... Wa t {+0.028 | 12 7 |+0.016 |+0.019 
4118.934...| Co f T \i0.027 9 oi +0.028 |+0.034 
Ad nv rbovoes tes 7 |+0.025 |+0.030 
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TABLE I—Continued 


Inten- No. of | Mean ¢ A’ 

A | Blement "city fe 4 | Plates | Deviar | a" | Reduced | CPescte 
4722-284. ..1. Le 2 |+0.024 II I4 |+0.023 |+0.028 
42202337.5.| Ce— 3. |+0.022 x2 7 |+0.022 |+0.026 
4130.804...| Ba 2 |+0.027 II 10 |+0.027 |+0.033 | Enh. 
4131.271...| Mn tI |+0.027 It II |+0.026 |+0.031 
A132. 100....| V 2 |+o.o11 se) 8 |+0.o11r |+0.013 
AIs2-235...| He ro 6|+0.002 9 7 |+0.002 |+0.002 | Bb 
BTGSOTR Oc role LE 2 |+0.022 12 9 |+0.022 |+0.026 
4134.840...} Fe 5 |+o.014 II 5 |+o.o14 |+0.017 | b 
4136.678...| Fe 4 |+0.023 II 7 |+0.023 |+0.028 
Als7 EO... He 6 |+0.016 12 8 |+0.016 |-++o.019 
4137.809...| Ce I |+o.o14 I2 to |+0.014 |+0.017 
ALAS 330 2.5) Cy 2 |+0.026 Te II |+0.026 |+0.031 
ArA2 624. ...| Cr 2 |+0.027 4 12 |+0.026 |+0.031 
4147.645...| Mn I |--0.023 Be Q |+0.023 |+0.028 
4149.360...| Zr 2 |+0.016 12 g |+0.016 |+0.019 
4150.608...| Co rn t-O-0L7 9 6 |+0.017 |+0.020 
Ar57.948...| Fe 5 |+0.015 14 g |+0.015 |+0.018 
4161.961...| Sr I |+0.025 13 10 |+0.025 |+0.030 
4167.884...| CN I |+0.026 9 8 |+0.027 |+0.032 
AIGS 13324.) V4 2 |+0.020 14 Io |+0.020 |+0.024 
AL7O.025...) Fe 3 |+0.018 17 g |+o.018 |+0.022 
4180.970...| CN 2 |+0.017 16 io |+0.017 |+0.020 
4183.480...| Zr I |--0-022 8 12 |+0.024 |+0.029 
4183.619...| Z 2 |+0.024 12 Io |+0.024 |+0.029 
AIS4..472...) Tt 2 |+0.022 16 Ir |+0.022 |+0.026 
AIO} .000=..<|, Cr I |+0.020 7 7 |+0.020 |+0.024 
4196.699...| Lea 2 140.023 16 g |+0.024 |+0.029 
4196.837...| Fe I |+9.020 16 Io |+0.020 |+0.024 
AERO eR fe each pak Go| 2 |+0.021 16 to |+0.021 |+0.025 
4204.163...| La 4 |+0.020 8 g |+0.020 |+0.025 
A21Os53O2. a4) GN: L) |-1-0..022 13 8 |+0.022 |+0.026 
42255020...) Cr 2 |+o.021 13 Io |+0.021 |+0.025 
4226.904...| Ca 20 |—0.002 II 7 |—0.002 |—0.002 
4227.606...| Fe 4 |+o.o10 II Io |+0.010 |+0.012 
A2GO NTE. || NO? I |-+0.029 | I0 Ir |+0.030 |+0.035 
4233.328...| Mn, Fe 4 |+o.018 be) Io |+0.017 |+0.020 
A233 772.01 Le 6 |+0.012 IO Io |+0.012 |+0.014 | d 
4o26. F462. .\| 0 Le 8 |+0.003 II 7 |+0.003 |+0.003 | d 
4236.429...| Nz rt |+0.024 | 10 14 |+0.024 |+0.028 
4238.970...| Fe 5-1-0015 ae) 6 |+o.015 |+0.018 
4240 .872...3| Cr E |-}-0..022 9 6 |+0.022 |+0.026 
4246.996...} Sc 5 |+o.013 8 I2 |+0.013 |+0.015 
250.287... | Le 8 |+o0.014 7 7 |+o.014 |+0.016 | ¢ 
4253.157...| Mn xr |+o.027 6 6 |+0.028 |+0.033 
A2Q5a ROn ee CF 8 |+0.008 a 6 |+0.008 |+0.009 
G25 7255.22) An 2 |+0.022 6 Ir |+0.023 |+0.027 
4258.477...| Fe 2 |-+0.022 i 12 |+0.022 |+0.026 
4260.640...| Fe Io |+0.003 5 4 |+0.003 |+0.003 | ¢ 
4262.142... I |+0.024 6 12 |+0.023 |+0.027 
4266.080...| Mn 2 |+o.024 7 tz |+o0.024 |+0.028 
OBE COA I\ SiKZ 6 |+0.009 7 4 |+0.009 |+0.010 
4271.934...| Fe I5  |—0.005 7 4 |—0.005 |—0.006 | b 
4273.043...| ZF 2N |+0.021 7 g |+0.021 |+0.024 
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TABLE I—Continued 
A Element | Inten- 4 No, of Devie- A’ Reduced Character 
sity Plate: tio to Asoo | OF Group 
AZSON800 ws | Cr 2 |+0.026 18 13 |+0.026 |+0.027 
4756.705...| Nz 3. |-1-0.033 18 12 |+0.033 |+0.035 
AGES pa cleft sedly 12 2 |+0.038 3 13 |+0.038 |+0.040 
4758. 308. . Ti tT |--0.0347)) 138 10 |+0.034 |+0.036 | @ 
4759.463...| Tz 2 |+0.034 3 18 |+0.034 |+0.036 | a 
4761.718.. Mn 3. |+0.032 a7 Ir |+0.031 |-+0.032 
4762.507.. Mn 5 |+0.027 18 Io |+0.027 |-+0.028 
4762.820.. Ni I |+0.039 3 2 |+0.039 |-+0.040 
47606.050.. Mn 3  |+0.026 18 8 |+0.026 |+0.027 
4766.621.. Mn 3 |+0.028 18 Io. |+0.028 |+0.029 
ATT ZsO07o6 Fe 4 |+0.028 3 Ir |+0.028 |-++0.029 
4779.634...| Fe rt |+0.041 3 7 |+0.041 |+0.043 
4780.169...|° Co 2 |+0.032 | 18 Ir |+0.032 |+0.034 | Enh—-Ti? 
4783.613.. Mn 6 |-+0.023 a7 I2 |+0.025 |+0.026 
4786.727.. Ni 2 |=-0.021 3 Ir |+0.022 |-+0.023 
4787 .003.. Fe 2 |+0.025 18 g |+0.025 |+0.026 
4788.952.. Fe 3. |+0.039 3 15 |+0.039 |+0.040 
4789.528.. Cr 2 |+0.033 Ly, Io |+0.034 |+0.035 
4789.849.. Fe 3 |+0.029 18 14 |+0.029 |-+0.030 
4793.045.. Co I |+0.040 12 14 |+0.040 |+0.042 
4799.598.. Fe I |+0.048 3 21 |+0.048 |-+0.050 
4801.213.. Cr I |+0.047 3 Q |+0.047 |+0.049 
4803.072.. Fe 2 |+0.023 3 14 |+0.023 |+0.024 
4807.179.. Ni 2 |+0.035 17 8 |+0.034 |+0.035 
4810.724.. Zn Su l=-O1035 17 13 |+0.035 |+0.036 
4813.661.. Co I |+0.038 17 18 |-+0.038 |-+0.039 
4820.593.. Ti I |+0.039 13 15 |+0.038 |+0.039 | a 
4823.697.. Mn 5 |+o.o19 ity) 12 |+0.019 |+0.020 
4829.214.. Ni ee b OOX A) 17 I2 |+0.036 |+0.037 
5123.899.. Fe 3 |+0.022 16 13. |+0.022 |-++-0.021 
5129.336. Tu? 3 |+0.019 17 8 |+0.020 |+0.019 | Enh. 
5129.546. Ni 2 |+0.026 7 Io |+0.026 |+0.026 
5129.805. Fe T0035 10 9 |+0.033 |+0.032 
5131.642. Fe 2 |+0.024 20 Io |+0.024 |-+0.023 
5131.942. Ni I |+0.030 15 12 |+0.029 |+0.028 
5137.250 Ni 3 |+0.021 20 8 |+0.02r |+0.020 
5137.558. Fe 3) }-1-0.020))|) 20 8 |+0.020 |-+0.019 
5141.918. Fe 3. |-+-0.023 20 9 |+0.023 |+0.022 
5142.693. Fe 4d |+0.020 28 g |+0.021 |+0.020 
5145.371. Fe I |+0.028 27 Io |+0.028 |+0.027 Z 
5145.636. Ti o |+0.026 21 14 |+0.027 |+0.026 | a 
5140.659. Ni- Ba ocopyi, |) 270" 9 |+0.024 |+0.023 
5147.652. 187) o |+0.029 24 12 |+-0.028 |--0.027 || @ 
5148.222 Fe 2 |--0.023 20 TI |--0..023) ||-\-011022 
5148.410 Fe 3 |+0.021 28 8 |+0.021 |+0.020 
5151.020 Fe Awe | O,OLOm| me 27, 9 |+0.016 |+0.016 
5152.087. Fe 3 |-+-0.022 27 Io |+0.023 |+0.022 
Sp52y 30m Ti © |-+0.029 25 Io |+0.031 |+0.030 | a 
5155.303. Ni t |--0,030 | 28 12 |+0.030 |+0.029 
5155.935. Ni 2 |+0.026 | 30 Io |+0.026 |+0.025 
5159.231 Fe 2 |-+0.023 30 9 |+0.023 |+0.022 
5162.440. ONG: 5; |4-0.0r90 29 9 |+0.019 |+0.019 
5165.588. Fe 2 |-+-0.020'] 30 Io |+0.020 |+0.019 
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TABLE I—Continued 
A Element | Iaten- A No. of te er Ne R q | Character 
sity Plates atlas to sees or Group 
832. Ni I |-+0.026 | 30 9 |+0.026 |+0.025 
778. Fe 6 |+0.013 29 9 |+0.014 |+0.013 
856. Mg 20155|—0. 0101) 20 I2 |—0.010 |—o0.010 
QI7. Tt 2 |-+o.019 30 7 |+o.019 |+0.018 | a 
735. Ni |} 2 |-+0.028 | 30 8 |+0.028 |+0.027 
233. Fe  |4-0.028 |) 20 II |+0,028 |++-0.027 
79i. Mg 30 |—0.013 29 9 |—0.013 |—o.012 
073 Ti 2 |+o.021 30 Ir |+0.021 |+0.020 
079. Fe I |+0.027 29 10 |+0.028 |+0.027 
863. Ti 2 |-+0.0r5 | 30 8 |+0.015 |+0.014 | Enh. 
or8 Ca 3 |+0.021 29 Io |+0.021 |+0.020 
629. Fe 4 |+0.014 29 9 |+0.014 |+0.013 
523. Fe 5 |+0.012 30 Io |+0.012 |+0.012 
130. Tt 2 |+0.022 29 9 |-+0.021 |+0.020 | a 
113 Fe 4 |+0.017 20 9 |+0.017 |+0.016 
647. Fe 2 |+0.022 29 Q |+0.022 |+0.021 
227 Fe I |-+0.023 30 Q |+0.023 |-+-0.022 
888. Fe 3 |+0.022 | 30 9 |+0.022 |-++0.021 
yt T% 3 |+0.016 | 30 Ir |+0.016 |-++o.015 | @ 
Nee Fe 3 |+0.018 | 30 9 |+0.018 |+0.017 
085. Fe oO |+0.029 22 Q |+0.028 |-+0.027 
369. Fe I |-+0.027 20 Q9 |+0.027 |+0.026 
875. 14 °o |+0.028 15 8 |-+0.028 |-+0.027 | a 
358. Ni o |+0.023 I4 8 |+0.023 {+0.022 
928. Cr o |+o0.028 17 9 |+0.029 | +0.028 
S55: Fe oO |+0.031 17 9 |+0.031 |+0.030 
7g fae Ti © |+0.028 20 Ir |+0.028 |+0.027 
GOS. ot) ee 2 |-+-0.024 | 30 Io |+0.024 |+0.023 
sukeyioee| eS 2 |-+0.020 | 30 8 |+0.020 |+o0.019 | Enh. 
sO30- nae 4 |+0.021 30 Io |+0.021 |+0.020 
Pio ee eke 7 |4-0.007 25 8 |+0.007 |+0.007 | d 
IY Sel) ee Ta izOnO22 29 Fan \j2O1O22 ui l=t-OnO2T 
OSoa. oheeute 2 |+0.020] 30 to |+0.020 |+0.019 
1940ee He I |-+0.029 | 30 9 |+0.029 |-+0.028 
[2202-50 be rq |--o.025 29 Io |+0.025 |+0.024 
Geiss tobe 2 |-+-0.023 30 Io |+0.023 |+0.022 
B85 ice Le 2 |+0.029 28 10 |+0.028 |+0.027 
817. Fe 3) |-120,025 30 8 |+0.021 |+0.020 
633. Fe 2 |+0.024 30 I2 |+0.024 |+0.023 
nintoy, Geel, ROK0E 3 |+0.020 | 16 7 \-+-0.020 |-Fo.019 
.486...| Fe 4 |-+-o.021 30 g |+o.021 |+0.020 
Sion nal) (Cus 3 |+0.018 27 7 |+o.018 |+0.017 
738. Fe 6 |+0.013 29 7 |+o.013 |+0.012 | d 
Q71. Fe 5 |+o.o19 26 8 |+0.019 |+0.018 
802...| Fe 6 |+0.013 26 Io |+0.013 |-+0.012 
201 woe Le x |+0.026 26 8 |+0.026 |+0.025 
Sifelte oa) ue 2 |+0.025 25 8 |+0.025 |+0.024 
Ronee Mets 2 \=-0.021 22 Io |+0.022 |+0.021 
ssigeeal. (Og 2 |--0.021 23 9 |+0.02r |+0.020 
IQ4. Cr I |+0.021 22 Io |+0.021 |-+0.020 
455. Cr 4 |+0.016 | 22 g |+0.016 |-+-0.015 
G728 Ti o |+0.023 18 7 |+0.022 |+0.021 | d? 
929. Cr 2 |-+-0.025 22 Io |-+0.025 |-+-0.024 
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TABLE I—Continued 
, No. of | Mean ; 4’ Character 
IN Element ee 4 Pinte ns a hig goss or Group 
5302.480...| Fe 5 |+o.o15 22 Ir |+o.015 |+0.014 
BBO 754 fei meee 3 |+0.022 22 8 |+0.022 |+0.021 
SOM Gaal) 106 7 |+0.006 21 ir |+0.006 |+0.006 | d 
5328.236...] Fe 8? |-+0.007 21 9g |+0.007 |+0.007 | a 
S335 s05Onnn Co. I |+0.026 I2 8 |+0.026 |+0.024 
SA4OnL or ae meeee 6 |-+0.019 | 22 9 |+o.o19 |+0.018 | d 
5342.890...| Co I j+o0.028 13 12 |+0.029 |+0.027 
5345.991...| Cr Slt OsOL5 19 Io |+0.015 |+0.014 
Ce Grats esl) 16z 4 |+0.017 19 Io |+0.017 |+0.016 
5349.653...| Ca 4 |+0.019 19 7 |+0.019 |+0.018 
5349.928...| Fe I |+0.028 16 14 |+0.027 |+0.025 
55908.524...| Fe I |+0.019 12 13 |+0.019 |+0.016 | e 
S508471T ae en Oc 4 |+0.021 12 4 |+0.021 |+0.018 
SOVENS 20 |e 2 |-+0.025 12 6 |+0.025 |+0.022 
SOUSRS 7 see Le 6 |+o.o11 12 7 |+o.011r |+0.009 | dx 
50245245. 4] ele i |+0.027 4 6 |+0.027 |+0.023 
5638.488...| Fe 32 |-+-o.020 r2 8 |+0.029 |+0.025 | dx 
5659.052...| Fe 4 |+0.013 Io 7 |+0.011 |+0.009 | dz 
5682.869...| Na 5 |+o.028 8 8 |+0.028 |+0.025 
5688.436...| Na 6 |+0.026 8 I5 |+0.026 |+0.023 
5805.441...| Nz 4 |+0.038 26 9 |+0.036 |+0.031 
5806.950...} Fe 5 |--0.035 27 14 |+0.035 |+0.030 
S931. 921...|) Nz I |+0.032 19 Io |+0.034 |+0.029 
5838.592...| Fe I |+0.036 I2 14 |-+0.037 |--0.032 
5§847.221...)| Nz I |+0.034 21 II |+0.036 |+0.031 
5§848.342...| Fe 3. |+0.035 27 14 |+0.035 |+0.030 
5853.902...! Ba 5 Pel t-OnO2O |G O Io |+0.029 |-+0.025 
BS572O7A cee Ca 8 |+0.025 34 Ir |+0.025 |-++0.022 
5857.976...| Ni 3 |-++-0.031 32 I2 |-+0.030 |+0.026 
5§862.582...| Fe 6 |-+-0.020 | 34 Io |+0.029 |+0.025 
5866.675...| Tz 3, |+0r035 | 34 12 |+0.035 |+0.030 | @ 
5890.186...| Na 30 |—0.008 | 34 IO |—©:,0087||— 0.007, 
5893.079...| Ni 4 |+0.031 34 12 |-+-0.031 |-+0.027 
5896.155...| Na 20 |—-O-. 000) | a3 4! I2 |—0.006 |—0.005 
5899.518...| Ti I |+o0.041 18 9 |+0.039 |+0.033 | @ 
5905.895...| Fe 4 |+0.025 8 II |-+0.023 |-+0.020 
KOLONTO// elec I |+0.040 15 Io |+0.037 |-+0.032 
5930.406...| Fe 6 |+0.034 8 I2 |+0.034 |+0.029 
5934.881...| Fe 5 |4-0.035 8 I2 |+0.035 |+0.030 
5948.765...| Sz 6 |+0.037 | 24 Ir |+0.036 |+0.031 
5949.566... Fe I |--0.033 19 14 |+0.033 |+0.028 
5953-.380...| Tz I |+0.038 26 16 |+0.038 |+0.032 | a 
5956.923...| Fe 4 |+0.035 25 13 |+0.035 |+0.029 
SOT 557 See cl erie 3 |-0.033 21 8 |+0.033 |+0.027 | b 
5977.007...| Fe 4 |+0.028 4 6 |+0.028 |+0.022 | d 
5978.768...| Ti I |-+-0.037 17 12 |-+0.037 |+0.031 | a 
5983.908...| Fe 5 |+0.028 4 14 |-+0.028 |+0.023 | d 
5985.040...| Fe 6 |+0.024 4 Io |-+0.024 |+0.020 | e 
5987.290...| Fe 5 |+0.016 4 3 |+0.016 |+0.013 | e 
6003. 239... Fe 6 |+0.024 4 Ig |+0.024 |++0.020 | d 
6007.540...| Nz I |-+-0..033 3 14 |+0.035 |-+0.030 
6008.186...| Fe 4 |+0.027 3 IO |-++-0.030 |--0.025 | € 
6008.785...| Fe 6 |+0.022 4 I2 |+0.022 |+0.018 | d 
a SE | | 
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TABLE I—Continued 


Inten- No. of Mean ’ a : 
2 hele a ee 

6013.715...| Mn 6 |+0.026 3 Ir _ |+0.028 |+0.023 | d 
6016.861...| Mn 6 |-fo.029 4 Ir |+0.029 |+0.024 | d 
6022.016...| Mn 6 |+0.022 4 6 |+0.022 |+0.018 | d 
60275274... .|0 £e 4 |+0.021 3 8 |+0.023 |+0.019 | b 
6042.315...| Fe 3 |+0.029 4 9 |+0.029 |+0.024 | Enh. 
GOnO.227<. 1) Le 5 |+0.030 4 10 |+0.030 |+0.025 | e 
6065.700...| Fe 7 |+o.018 3 3  |+0.016 |+0.013 | Bb 
6393.820...| Fe 7 |-+0.017 25 Io |-+0.017 |+0.013 | b 
6400.217...| Fe 8 |+0.016 24 8 |+0.015 |+0.012 | d 
6400.528...| Fe 2 |+0.026 24 Ir |+0.026 |+0.020 
6408.233...| Fe 5 |+0.021 25 8 |+0.02r |+0.017 | d 
6411.865...| Fe 7 |+0.019 25 9 |+0.019 |+0.015 | d 
6420.169...| Fe 4 |+0.025 25 Io |+0.025 |+0.020 
642.570... Fe 7 |+0.023 25 8 |+0.023 |+0.018 | b 
6431.066...| Fe 5 |+o.o21 25 Q |+0.021 |+0.017 | b 
6439.293...| Ca 8 |+0.018 24 4 |+o.018 |+0.014 
6450-033...) .Ca 6 |+0.020 25 | 10 |+0.020 |-++o.016 
6455.820....1 Cae 2 |+0.036 44 I2 |+0.035 |+0.029 
6471.885...| Ca 5 |+o.028 | 44 Io |+0.027 |+0.022 
6494.004...| Ca 6 |+0.020 | 47 Qg |+0.020 |+0.017 
6495.213...| Fe 8 |+0.019 | 48 Ir |+0.017 |-+0.014 | b 
6496.688...; Fe 2  j+0.038 | 30 I2 |+0.037 |+0.030 
6497.128...| Fe 4 |!+0.020 30 9g |+0.020 |+0.016 
6499.168...| Fe I |+0.039 30 12 |-++0.037 |+0.031 
6499.880...| Ca 4 |+0.030 29 II |-+0.030 |+0.024 
6563.045...| Ha —0.064 | 29 26 |—0.064 |—0.050 
6569.460...| Fe 5 |+0.039 28 14 |+0.037 |+0.030 
6573.030....| Caf I |+0.042 29 13 |+0.041 |+0.032 
657522705...) Le 2 |--0.034 27 Ir |+0.032 |+0.026 
6586.550...| Nz I |+0.039 | 30 12 |+0.037 |+0.030 
6593-161...| Fe 6 |+0.026 | 30 Io j+0.024 |+0.020 | db 
6504.121...| Fe 4 |+0.029 | 30 Io |+0.029 |+0.022 
6507.507...|° Cr I |+0.041 30 17 |+0.041 |+0.031 
6633.995...| Ze 2 |+0.045 30 18 |+0.045 |+0.034 
6643.876...| Nz 5 |+0.033 | 30 12 |+0.033 |+0.025 


DISCUSSION 


From a brief examination of the absolute displacements in the 
fourth column of Table I, it is evident that the larger displace- 
ments are associated with the longer wave-lengths. The mean 
displacements of the lines of iron in the violet and yellow-red 
regions from intensity 1 to 8 are given for each intensity in the 
following table. In the upper section the displacements are as 
measured. In the lower section, when reduced to a common 
wave-length, \ 5000. 
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TABLE II 
DISPLACEMENTS AND WAVE-LENGTH 


Intensity 
Region MeanaA Mean 
I 2 3 4 5 6 7 8 
NMioletisg.ucearert 4017 |0.022|0.020]0.014/0.014/0.013|0.011|0.008]0.006) 0.014 A: 
Yellow-red..... 6121 | .032| .030] .032| .024] .028] .024] .org] .o16}] .026 
Violets vie eee 4017 | .026] .024} .o19| .018] .017] .013] .or1] .008) .017 A. 
Yellow-red..... 6121 |0.027|/0.024/0.026/0.021/0.023/0.020/0.015]0.013| 0.021 


The means of the unreduced displacements are violet 0.014 A., 
red 0.026 A.; of the reduced displacements, 0.17 A., and 0.021 A., 
respectively—results that seem decisively in favor of an effect 
varying as the wave-length. The spectra of the two regions were 
of necessity photographed separately, and there was no over-lapping 
series of plates by which the relative displacements could be exactly 
determined. In each region the plates varied among themselves, 
due to slight changes in the position of the slit of the spectrograph in 
reference to the edge of the penumbra and to the fact that they do 
not always pertain to the same spot. In the means from a large 
number of plates, these accidental variations tend to neutralize each 
other. The violet region is represented by 34 plates and 81 lines, 
the yellow-red region, by 66 plates and 43 lines. In view of the 
probability that the effect of accidental variations is largely elimi- 
nated, the differences between the absolute displacements in the 
two regions may be considered to be fundamental and the decrease 
from 0.012 to 0.004 A. in the mean difference when the displace- 
ments are reduced to a common wave-length indicates that the 
observed differences are due to the Doppler effect, and that we are 
dealing with real movements of gases in the reversing layer. The 
values used in the comparison were deduced from all the lines 
measured, and no account was taken of the effect arising from the 
different groups of iron lines or from the different spectral regions, 
other than that due to change in wave-length. 

A fact equally striking is the systematic variation of the 
displacements with the intensities of the Fraunhofer lines. For 
lines of the intensities considered, the displacements progressively 
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decrease with the increase of line intensity. In Table III the mean 
displacements of 193 iron lines of intensities 1 to 8 are given under 
their respective intensities. 

TABLE II 


DISPLACEMENTS AND LINE INTENSITIES REDUCED TO A 5000 


Intensity 
No. Mean 
Mean A Lines | Interval 
I 2 3 4 5 6 7 8 

AOL Re ek. eats Sate cs 0.026/0.024/0.019/0.018/0.017/0.013/0.011/0.008] 81 | 0.003 A. 
BOG Dee weiss le cree ©.030/0.026/0.026}0.025/0.018]/0.016/0.006|0.007| 69 | 0.003 
LOS yer aera ©.027/0.024]0.026/0.021/0.023]0.020]/0.015|0.013| 43 | 0.002 
Wtd. mean....... 0.028]/0.025/0.023/0.021/0.019|0.016/0.012/0.009] .. | 0.003 
Vel. km/sec. .... 1.68 |1.50 |4.38 |1.26 |1.14 |o.96 |o.72 |0.54 56 | Chai: 


For these lines the wave-lengths are longer on the limb edge 
of the penumbra than on the center edge when the spot is between 
the center of the sun and the limb, and the flow of the gases is 
outward and tangential to the solar surface, and on the assumption 
that, on the whole, the weaker lines originate at the lower level 
the velocity outward increases with the depth. 

Though the lines of a given intensity in a given spectral region 
originate at some mean depth, it is not probable that the same 
mean depth would be found when widely differing spectral regions 
are compared. In Table IV the residuals are given for the three 
regions included in the investigation. These are obtained by 
deducting the mean displacements from the displacement for each 
of the three regions. 

The consistently negative residuals for the violet region and 
the positive residuals for the yellow-red region point to a lower 
level in the region of longer wave-length for the lines of the same 
intensity. The mean level of lines in the red is about two units 
of intensity lower than in the violet; lines of intensity 4 in the red 
region being then at the level of lines of intensity 2 in the violet, 
and similarly for lines of other intensities. Such a difference is the 
natural consequence of the scattering of light by small particles, 
which varies inversely as the fourth power of the wave-length. 
From this it would result that we see into the sun to a greater depth 
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in the red than in the violet. If this difference in level is taken 
into account when the displacements in the violet and yellow-red 
regions are compared after reduction to a common wave-length, 
the agreement is very close. In Table V the first intensity refers 
to the violet, the second to the yellow-red, so that the comparison 


TABLE IV 
RESIDUALS 
Intensity Violet A 4000 Blue-Green A 5000 | Yellow-Red A 6100 

be rere inne neal SO RE St —o0.0018 +0.0014 +0.0014 
PUNO ee ee titi er OEP Gest eo he coe — .0008 + .0oo19 + .0005 
3 ar co ordoioe © eel aete eaters — .0043 + .0031 + .0036 
y Renter a Se aN trop acl ety ORE rheee —EOOZO + .0039 — .0004 
Sclieates cispepeiton wlohe aureus foesgetckekes Taker — .0025 — .0006 + .0oo40 
(are Bioramacach. cep oO oacate.e an ar ——mOO33 — .0004 + .0037 
Se aes as op ot cksqereten Waller ee! atarssueeenss — .oo10 — 0055 + .0032 
Bispaiccia cs trate avohaersva gectetesjaeigemeateces —0.0013 —0.0019 +0.0041 
IVECO Severna nt ky anata ataacees eee —0.0023 +0o.0002 +0.0026 


is now between lines at approximately the same levels. The means 
of the unreduced displacements are 0.016 A. and 0.024 A., of the 
reduced displacements 0.0195 A. and 0.0197 A., respectively. The 
sum of the differences violet minus yellow-red is —o.oo1 A. 


TABLE V 


DISPLACEMENTS AND WAVE-LENGTHS 
Comparisons between Lines at Same Levels 


Intensities T3 2,4 LOR 4,6 S57 6,8 
Mioletsciociters stones 0.026 0.024 0.019 0.018 0.017 0.013 
Yellow-red........ 0.026 0.021 0.023 ©.020 0.015 0.013 
Difference.)..s.5- 0.000 |+0.003 |—0.004 |—0.002 |+0.002 0.000 


For lines of intensities exceeding 10, the displacements are small 
or negative and then increase numerically with the elevation. The 
data are summarized in Table VI. 

The negative sign indicates that the wave-lengths of the corre- 
sponding lines are shorter on the limb edge of the penumbra than 
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on the edge toward the center of the sun’s image, and therefore 
denotes an inflow of the gases at the level of these lines with velo- 
cities increasing with the elevation. 


TABLE VI 


DISPLACEMENTS OF STRONG LINES (A 5000) 


EI t ; Ca H 
emen Mg Si Al Sr (A 4227) (Hs) 
Entensity. ..<.0.%. IO 183 15-20 8 20 40 
Displacement. ..... +0.002 | ©.000 ©.000 | —0.002 | —0.002 | —o0.005 
Welgikmy Sec... +0.12 ©.00 ©.00 —0o.12 Onn —0.30 
Na Mg H Ca H Ca 
Element @:, D:) (ba, bs) (Hy) (Hp, K:) (Hq) (Hs, Ks) 
INteNSILY; o. ones: 20-30 20-30 20g entree Ae, i fois 6.0 
Displacement. ..... —0.006 | —0.012 | —0.033 | —0.044 | —0.050 | —0.063 


Vel} km/sec. ...... —0.36 —0.72 —=T.09)) 5-204 | — 3.00) i= 3475 


The series of displacements in the case of the iron lines when 
arranged according to the intensities forms a practical and con- 
venient scale for determining the relative levels in the solar 
atmosphere at which the lines of other elements are produced. 
Extending the series to include Fe oo and Fe 15-40, which then 
covers the entire range of iron lines, we have the following iron 


scale: 
TABLE VII 


THE IRON SCALE (A 5000) 


Intensity [efe) ° | I 2 3 4 5 6 7 8 Io | 15-40 
0.028/0.025/0.023/0.021/0.019/0.016/0.012/0.009/0.004|/0.000 
1.68 |1.50 |1.38 |1.26 |1.14 |0.96 |o.72 |o.56 |0.24 |0.00 


Displacements. . |0.034|0.030 
Vel. km/sec ..../2.04 |1.80 


The extreme values at either end depend upon very few lines 
and are consequently of relatively low weight. On but one plate 
was it possible to measure the Fe lines of intensity o and oo. This 
gave the values 0.029 A. and 0.036 A. for the two intensities. The 
values found by extrapolation from the values 1-8 are 0.031 and 
0.033 A. The means of the observed and extrapolated values 
have been used to extend the scale. Three difficult iron lines, 
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intensities 15, 20, and 40, gave the value 0.000 as a mean of closely 
agreeing values. The displacements and the corresponding velo- 
cities are, throughout, the relative values for the two edges and 
are to be divided by two, so that the maximum velocity of outflow 
indicated by the means is 1 km per second. The maximum out- 
ward velocity observed in the case of any line was 2.2 km per 
second. 


RADIAL VELOCITIES AND THE SOLAR VORTEX 


When the velocities radial to the vortex axis and tangential to 
the solar surface are plotted as abscissae with elevations above the 
continuous spectrum background as ordinates upon any convenient 
scale, a very striking distribution is shown. Such a vertical section 
through the axis of the vortex is given in Fig. 2. In the lower 
portion representing the effective levels in the reversing layer, the 
velocities are mainly those given by the iron lines; in the upper 
portion, which refers to the chromosphere, the identification of the 
lines is given in connection with the plotted velocities. The ordi- 
nates are entirely arbitrary and are only meant to indicate the in- 
creasing velocities of inflow with increasing elevation above the 
region of velocity-inversion and the increasing velocities of outflow 
as the depth increases below this level. At the right are given some 
elevations taken from Jewell’s table of which he says: “‘I have tried 
to give a fair and conservative estimate determined from several 
plates.’”* In the diagram are also given some preliminary and frag- 
mentary results obtained in the course of an extended investigation 
of pressures in the solar atmosphere now being carried on, but upon 
which considerable reliance can be placed when it is a question of 
- the variation of pressure with depth. 

The distribution of the plotted velocities might lead one at 
first to consider them as representing the inflow and outflow of 
the gases in the case of an actual vortex. This comes partly from 
the apparent symmetry of the diagram, but the scale is very differ- 
ent above and below the level of inversion. The lower portion is 
some 3500 km thick while the upper is over 20,000 km in thickness, 


* Publications of the U.S. Naval Observatory, 4, Appendix I, 299-307. 
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so that the actual height of the upper portion is several times that 
of the lower. 


Eleva- 
Pressure ,-"~': 
in Atm. "90 in 
©.0 25000 
13000 
4000 
7 ee 
Fe.0s~g05 LEVEL OF VELOCITYstNVERSION. 
“a a 
Fen : a 
DA. REVERSING LavYER 
3000 
0.5 
3.0 800 
5-7 250 


Fic. 2.—Vertical section of reversing layer and chromosphere showing the distri- 
bution of radial velocities in sun-spots. The lengths of the solid lines are proportional 
to the radial displacements of the corresponding Fraunhofer lines. The arrows indi- 
cate the direction of flow. The rounded head of the cyclonic disturbance is suggested 
by the broken-line curve enveloping the outward velocities. The broken lines with 
arrows refer to possible velocities below the accessible levels. The lines of force of 
the magnetic field are indicated in the usual way. 


There are three lines of argument militating against the view 
that these velocities form the velocity system of an actual vortex. 
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In the first place, the composition of the material flowing outward 
in the lower portion is very complex, containing, as will be shown 
in a later paper, at least 27 elements—in fact, all elements the lines 
of which have been investigated in this paper—while the inflowing 
material is calcium, hydrogen, magnesium, sodium, and probably 
some of the higher level vapors of iron, aluminium, and strontium. 
It will be noticed that the level of velocity inversion is about where 
the customary division is made between the chromosphere and the 
reversing layer. Secondly, the masses involved in the inflow and 
outflow are quite different. An approximate value for the mass 
which flows across the boundary into the spot from the chromo- 
sphere may be found as follows. The velocity in this region 
decreases with increase of the density of the inflowing gases, so 
that the center of the mass of the inflowing material is located in 
the level where the velocity is low. For an approximation, the 
level may be assumed to be that of magnesium, 0,, 6,, where the 
velocity of inflow is 0.36km per second. The pressure is very 
low at the level of this velocity, perhaps o.1 terrestrial atmosphere, 
since in the upper reversing layer it is much less than 1 atmosphere 
and rapidly decreases upward. The mass resting upon an area 
of 1 sq. cm=m=P/G=100/27.6=3.6 grams, where G is the solar 
gravitation constant. 

The mean radius of the penumbrae of the spots under investiga- 
tion is 11,250 km, so that the velocities found are the velocities 
normal to the surface of a cylinder of this radius. The quantity 
of material crossing the boundary in one second may be found by 
considering a shell of the given radius whose thickness is numeri- 
cally equal to the velocity per second inward across the boundary, 
and upon the cross-section of which the surface density is the mass 
of the homogeneous atmosphere per square centimeter, that is, 
a™RmAR. In the present case R=11,250 km, AR=o.36 km, and 
m=3.6 grams. The mass so calculated is 297X103 grams. 

In like manner an approximate value of the mass that flows 
across the boundary outward into the reversing layer may be 
found. The velocity in the reversing layer increases with the 
increase of density, and both increase rapidly with depth, so that 
the center of mass of the outflowing material is in the level where 
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both velocity and density are high. It may be assumed to be 
at the level of Fe oo where the velocity is t km per second. From 
the rapid increase of pressure with depth the pressure may be 
assumed as ro terrestrial atmospheres. The mass of the reversing 
layer resting upon an area of 1 sq. cm is then 360—3.6=356 grams, 
and the mass moving outward per second is 87105 grams, and the 
ratio of the inflowing to outflowing mass is 276. 

The third reason is based upon the energy crossing the bound- 
aries above and below the level of inversion, in the chromosphere 
and in the reversing layer respectively. The ratio MV? (revers- 
ing layer)/MV? (chromosophere) reaches the approximate value 
2000. It is true that these are approximate values and only 
roughly approximate, but from the order of the ratios it is evident 
that the outflow into the reversing layer is not fed by the inflow 
from the high level, and that both the mass and the energy supplied 
from above are only small fractions of that flowing out below, 
while in a true vortex there is an equilibrium between the two 
activities. 

In the terrestrial cyclone and especially in the types represented 
by the tornado, hurricane, and water-spout, it is known that in 
the upper portion the air is moving outward. Moore, in describing 
the hurricane, says: 

In the cirrus cloud level, 10,000 to 12,000 m. above the sea, the clouds are 
observed to move rapidly outward in all directions. The outward moving 
clouds represent the radial velocities in the upper levels of the dumb-bell 
vortex while the inner wind velocities found on the sea-level occur in the plane 
which truncates the vortex at some distance above the theoretical lower bound- 
ALVaDIaNers cist. The radial velocity diminishes up to the middle plane and 
then increases outward; the tangential velocity increases up to the middle 
plane and then gradually diminishes. Near the center the centrifugal force 
is so great, on account of the rapid rotation of the air in the inner rings, that 
there is practically a calm central core, something like 20 or 30 miles in 
diameter.? 


The outward velocities in the reversing layer at the outer 
boundaries of the penumbrae of sun-spots may then, with great 
probability, be referred to a low-lying vortex, since the outflow 
is not supplied from the higher levels. In the upper part of a 


t Descriptive Meteorology, pp. 162-163. 
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dumb-bell or trumpet-shaped vortex the radial velocities increase 
with higher levels and in the theoretical discussion the radial 
velocities approach infinite limits and become asymptotic to the 
plane of reference. In the reversing layer the velocities increase 
with the depth, and it is true that the radial velocities outward 
in cyclones increase with height above the middle plane, but in 
the nature of things these outward movements of the air after 
reaching a maximum must decrease with greater height, by 
propagating themselves into and by entraining the overlying air, 
so that the region of disturbance would be dome-shaped above and 
the surface of zero radial velocity would have the dumb-bell form. 
This spreading and rounded head is characteristic of the whirling 
columns of steam, smoke, and ashes that rise from volcanoes and 
great furnace stacks. 

The complete radial velocity system in the upper section of 
a solar vortex is indicated in the diagram by including the dotted 
abscissae, and the section of the surface of zero radial velocity by 
the enveloping curve. From this point of view the level reached 
by the spectrograph is still above the region of outwardly decreasing 
velocities, and such a region is as yet inaccessible to the spectro- 
scope directly, since the level reached by this method of sounding 
the solar atmosphere cannot be deeper than the level at which 
the weakest Fraunhofer lines originate. Iron and vanadium lines 
of intensity oo still indicate by their displacements outward 
velocities increasing with the depth and it is not probable that 
lines of 2 intensities less, the weakest in Rowland’s table, will 
reach the level of decreasing velocities. In the levels accessible 
to spectroscopic investigations the tangential velocities in the vortex 
have disappeared; their maximum value would occur at far lower 
levels. The same is true in the case of the vertical component, as 
both reach their maximum values in the middle plane of the vortex. 
This explains the failure to find definite indications of such velocities 
from displacements due to the Doppler effect. It is possible that 
by employing the lines of lowest level evidences of such velocities 
may be found in occasional spots. 

The inflow of the chromospheric gases seems to follow, in part, 
at least, from the general downward movement of these gases. 
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This settling effect was shown for magnesium and sodium by Perot 
and Lindstreedt,‘ and for calcium in my paper on the general circu- 
lation of calcium.? The temperature in or immediately above the 
umbrae of spots is lower than in the surroundings, and this would 
produce in the overlying gases an added tendency to fall. As a 
result of one or both effects a downward flow would set in over the 
umbrae. Such an effect is indicated by the early observations of 
Respighi, who states as follows the results deduced from his observa- 
tions made upon the border of the sun’s disk: 

1. In the neighborhood of the spots the chromosphere (strato rosato) is 
rather low, quite regular, and intensely bright. 


2. Upon the exact locality of a spot or rather over its nucleus the chromo- 
sphere is generally very low and sometimes totally wanting.3 


The down-flowing gases would be caught in the current of the 
outflowing vapors in the upper portion of the vortex, and carried 
outward into the upper reversing layer, and the circulation once 
started would tend to continue. As in the case of fluids flowing 
into a sink, a whirl would in general be produced. ‘The direction 
of this whirl would have no necessary hydrodynamical connection 
with the direction of rotation in the underlying vortex, since the 
tangential motion in the vortex ceases before reaching the lower 
reversing layer, and therefore is not propagated into the overlying 
region as the radial motions are. It is probably this upper whirl 
that has given the indications of inward flow and of vortex motion in 
spots that the visual observations, such as those of Secchi, occasion- 
ally show, and very probably the spectroscopic evidences of inflow 
and rotation of the high-level calcium vapor shown by my observa- 
tions‘ refer to this pseudo-vortex. These observations, when con- 
sidered from this point of view, are more easily interpreted. The 
wave-length of K, was measured at the center and over flocculi, 
penumbrae, and umbrae. The most striking feature of these 


t Comptes Rendus, 152, 1367, 1911; 154, 326, 1912. 
2 Contributions from the Mount Wilson Solar Observatory, No. 48; Astrophysical 
Journal, 32, 36-82, 1910. 
3 American Journal of Science, 34 Series, 1, 1871. 
4 Contributions from the Mount Wilson Solar Observatory, No. 54; Astrophysical 
Journal, 34, 57-78, 131-153, I91I. 
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measurements is the remarkable agreement of the means for the 
separate regions with the general mean from 500 observations, which 
indicates a downward movement of approximately 1.1 km per 
second. A downward movement of the calcium vapor showed at 
all times in 88 per cent of the spots, varying in velocity from 0.68 
km to 2.2 km with a general mean of 1.3 km per second. Four 
spots showed a motion of rotation of inflowing vapor with radial 
components for K, and K, of 1.24 km and 2.00 km per second, 
and tangential components of o.98 km and 1.6 km per second, 
respectively. The small amount by which the downward velocity 
over spots exceeded that over the general surface, the fact that some 
spots gave no spectroscopic evidence of descent over the umbrae, 
and the small number of spots that showed vortex motion seemed 
surprising from the point of view that the observations refer to the 
real vortex, and especially in view of the fact that every spot is 
the seat of a magnetic field, as the results from Mr. Hale’s discovery 
of the Zeeman effect in sun-spot spectra have shown. And there 
appears to be no other explanation than that the field is due to the 
existence of a vortex. But if a vortex, why do the surface indica- 
tions so frequently fail to give evidence of it through spectro- 
scopically observed displacements of the Fraunhofer lines or the 
vortical structure of the H, flocculi in spectroheliograms? More 
rarely still do the conspicuous H, flocculi show any radial structure. 
The difficulties are in great measure removed by considering these 
as secondary and superficial effects depending upon elevation, the 
properties of the elements, and the field at these great distances 
from the underlying vortex. The cool region above the umbra 
acts as a sink into which the chromospheric vapors descend with 
or without the formation of a whirl, and from which they are 
discharged into the upper reversing layer. The whirl when formed 
may bear no relation to the direction of rotation, and only a very 
loose relation to the intensity of the underlying vortex. The 
conditions favoring the production of vortex structure in the 
inflowing gases are quite different at the levels of the H, and H, 
flocculi. ‘These levels are widely separated, the level of the H, 
flocculi is probably some thousands of kilometers above the level 
of the H, flocculi, which are not far from the level of the upper 
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reversing layer. At the level of the H, flocculi the conditions are: 
inward velocity high, magnetic field strong, inertia of ions small; 
and at the level of the H, flocculi the conditions are: inward 
velocity low, magnetic “field stronger, inertia of ions large. 

From an electrodynamic point of view, a view suggested by 
Professor Stérmer, the high inward velocity of the hydrogen, due 
mainly to the general inflow, and the small inertia of the hydrogen 
ions are conditions favorable to the production of stream-line 
structure in the H, flocculi by a magnetic field which may act 
mainly as a directing force upon the inward moving ions. At 
the level of the H, flocculi the relatively quiescent state of the gases 
and the great inertia of the calcium ions, the Ca-ion having forty 
times the mass of the H-ion, are conditions very unfavorable to the 
formation of stream lines at this level. The force exerted by the 
field upon the ions varies directly as their velocity which, at this 
level, is very small, since the H, flocculi are not far above the level 
of velocity inversion, and the velocity produced by the field varies 
inversely as the mass of the ion. 

From a hydrodynamic point of view also the conditions are 
favorable to the production of stream lines in the H, flocculi, as 
the hydrogen is flowing into the spot, but at the level of the H, 
flocculi the motion is small or nil, and stream lines are absent 
because there is little or no flow into the spot at this level. Bearing 
upon the quiescent condition of the gases producing the H, 
flocculi are some data I obtained when looking for evidence of 
vertical motion in the bright calcium vapor over the flocculi 
around spots. It had been assumed in the literature of the subject 
that this bright material was rising. The wave-lengths of the 
bright K, line over various regions when on the meridian were 
found to be as follows: 


Overencralesuttace mann: meric 3933. 641 
VET MOCCUL errr te ae cre tee Gan tere et yepevet .664 
COVER PENI DEAC ta. u vais oa ake ake a hea 665 
Overnimb ra Create no mre ire nears . 682 
I Wand daVsnteh Reirem-SAS ey Pe SIO Seaman orlic Rate OC aNe .667 


Contributions from the Mount Wilson Solar Observatory, No. 54; Astrophysical 
Journal, 34, 57-78, 131-153, 1911. 
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There is a rise of the calcium vapor over the general surface and 
a descent over the umbrae of 1.97 km and 1.3 km per second 
respectively, but over the flocculi and penumbrae an almost station- 
ary condition obtains. 

The occasional occurrence of vortical motion of the calcium 
vapor and the stream-line structure of the hydrogen flocculi may 
be coincident with the presence in spots of especially strong mag- 
netic fields. A comparison of the field strength in spots showing 
these phenomena with that in spots in which these phenomena are 
absent throws some light upon this interesting question. 

In the “Summary of the Results of the Study of the Mount 
Wilson Photographs of Sun-Spot Spectra,’’* Mr. Adams gives a list 
of lines for which the separations in the spot spectra have been 
measured. The separations given by the lines upon Plate T 219 
are given in a separate column, as they were distinctly greater than 
for the other spots. The Greenwich numbers for the spots are 6393, 
6441, 6511, 6577. From nine lines which were measured as doub- 
lets upon all the plates the ratio of the field given by T 219 to the 
mean of the other plates is 1.3. The umbra of this spot was very 
black and large and the total magnetic flux was much greater than 
for either of the other spots. It was 2.5 times the mean for the other 
spot, when the areas of the umbrae and field intensities are both 
taken into consideration. The spot is No. 6577, a spot remarkable 
for its numerous returns, as it persisted during seven rotations of 
the sun. Of this spot I said in my paper on the ‘‘ Motion and Con- 
dition of Calcium Vapor over Spots and Other Special Regions”’: 
“In the case of Spot 6577, when it was near the west limb, the north 
edge of the penumbra gave the shorter wave-length. When it 
appeared at the east limb as 6592 the south edge gave the shorter 
wave-length.”? In both cases the rotation of the calcium vapor 
was clockwise. The H, spectroheliogram shows marked radial 
structure of the hydrogen flocculi. Spot 6441 was next in size to 
Spot 6577, and showed hydrogen structure and at times great 


* Contributions from the Mount Wilson Solar Observatory, No. 40; Astrophysical 
Journal, 30, 86-126, 1909. 


Contributions from the Mount Wilson Solar Observatory, No. 54; Astrophysical 
Journal, 34, 57-78, 131-153, I91I. 
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activity. It was with this spot that I obtained the series of expo- 
sures showing a dark hydrogen flocculus being drawn into the spot. 
Six of these exposures are shown in Plates XXXVII, XXXVIII, 
XXXIX, of Mr. Hale’s original paper on the solar vortices.* Spot 
6393 showed no definite structure on the H, spectroheliograms, 
but large bright eruptive areas following in the train of the spot. 
Spot 6511 gave no definite structure on an excellent plate that 
showed remarkably interesting structure about other spots on the 
sun’s disk at the same time. 

In the type of vortex in which the data of the present paper 
seem to find their interpretation, there is an enormous flux of energy 
from the vortex into and below the lower reversing layer. The 
mechanical energy of motion is rapidly transformed into other 
forms, as the velocity decreases rapidly with distance. The ques- 
tion of how rapidly will be taken up in a later investigation. The 
form and distribution of this energy in the surrounding region is 
another interesting question. In the umbrae of sun-spots we now 
recognize the presence of hydrides and oxides, as shown by the 
investigations of Fowler, Hale, Adams, and Olmsted. Owing to 
the low temperature in spots, it is possible that these compounds 
undergo condensation also. They will be carried with the general 
flow outward into the reversing layer where decomposition will take 
place at the expense of a part at least of the energy of the moving 
gases. But the greater part of this energy will be available for rais- 
ing the temperature of these low-lying regions, and not only will the 
temperature be raised, but there will probably be a heaping-up of 
very hot material around the spot, which would explain the pres- 
ence and the formation of the faculae. Such a piling-up of air 
around the cyclone center is evidenced by the high barometer 
around the center of disturbance. Secchi’s sketch of a spot and 
faculae, when near the limb on March 4, 1866, is suggestive of 
such a heaping-up of hot material around a spot. In my paper on 
the “Motion and Condition of Calcium over Special Regions”’ 


Contributions from the Mount Wilson Solar Observatory, No. 26; Astrophysical 
Journal, 28, 100, 1908. 
2Reye, Die Wirbelstiirme, Tornados, und Wetterséulen im der Erd-Atmosphare, 
D> 135- 
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I was led to infer in the explanation of the character of the H, 
spectroheliograms at different levels that the faculae may be con- 
sidered as regions from which a disturbance capable of increasing 
their emissive power is propagated into the overlying gases, and 
that these regions may be of higher temperature absolutely, or 
apparently so from their being elevated above a portion of the sur- 
rounding vapor, and that there is probably a piling-up of calcium 
vapor over the faculae.t The result of the flux of material and 
energy outward from the spot would be to produce both of these 
effects, and the enormously increased emission on the part of 
the calcium vapor producing the bright H, and K, components 
would be caused by the high temperature prevailing around the 
spot. The relative emissive power of the H and K lines increases 
rapidly with temperature, as King has shown.? The intensely 
bright and quiet chromospheric layer observed near spots by 
Respighi may be referred to the high temperature of the region 
surrounding spots. 

The measurement-of the line displacements given in Table I 
has been made by Miss Ware. I wish to express my appreciation 
of the patience and skill required in the long series of measurements 
and of her interest in the progress of the work. 


SUMMARY 


1. The observations reported in the present paper are in entire 
accord with Mr. Evershed’s hypothesis that the displacements 
considered are due to a movement of the solar vapors tangential 
to the solar surface and radial to the axis of the spot vortex. 

2. The proportionality between the displacements and wave- 
lengths shows that the phenomenon is due to the Doppler effect 
and that we are dealing with an actual flow of the material of the 


reversing layer out of spots and of the chromospheric material into 
spots. 


* Contributions from the Mount Wilson Solar Observatory, No. 54, 40; Astro- 
physical Journal, 34, 148, 191t. 


* Contributions from the Mount Solar Observatory, No. 32; Astrophysical Journal, 
28, 389, 1908. 
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3. The increase of displacements indicating an outward flow 
with the decrease in the intensity of the lines of the reversing layer 
and the increase of the displacements indicating an inward flow 
with increasing intensity“of the high-level lines of the chromosphere 
find their explanation in differences of level. The outward velocities 
increase with distance below a neutral level, the inward velocities 
increase with distance above this neutral level or the level of 
velocity inversion. 

4. The vertical distribution of the velocities shows at high 
levels an inflow into spots and at low levels an outflow. A con- 
sideration of the quality and the quantity of the material and 
of the amount of energy involved in the two movements indicates 
that they do not of themselves form a vortex system. 

5. The type of vortex indicated is that of the terrestrial tornado 
or hurricane. There is a whirling upward rush of material from 
the interior of the sun, which spreads out radially with rapidly 
decreasing velocity, tangential to the solar surface, and entrains 
with it the gases of the reversing layer. The actual vortex is deep- 
seated, the outflow into the reversing layer being a portion of the 
upper part of it, the inflow from the chromosphere being a secondary 
effect, a superficial indication of the underlying vortex in which the 
magnetic field originates. 

6. The secondary phenomenon shows sometimes vortex motion 
of the high-level calcium vapor, visible evidences of vortex move- 
ments, and stream-line structure of the H, flocculi, depending 
upon the strength of the magnetic field and the rotational energy 
of the underlying vortex. 

7. The absence of stream-line structure in the H, flocculi follows 
from the quiescent state of the calcium vapor producing these 
flocculi. This shows no vertical motion, and the flocculi are near 
the level of zero velocity along the solar surface. 

8. The flux of gases into and below the lower portion of the 
reversing layer would cause a piling-up of material, the tempera- 
ture of which would be raised by the rapid transformation of 
mechanical energy into heat, and the increased emission of the 
calcium vapor would then be a temperature effect. 

9. When the displacements of lines in the red and violet of 
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equal solar intensities are compared, the lines in the violet show 
the smaller displacements and therefore originate at higher levels, a 
consequence of the scattering of light. 

10. The displacements of the iron lines arranged in the order of 
intensities from oo to 10 form a regular descending scale for deter- 
mining the relative levels in the solar atmosphere at which the lines 
of like intensities of other elements have their origin. 


Mount WILSON SOLAR OBSERVATORY 
December 23, 1912 
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